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Résumeé:

En aoiit 2022, le JWST Transiting Exoplanet Commu-
nity Early Release Science Team a révélé la détection
de dioxyde de carbone dans I'atmosphére de la géante
gazeuse WASP-39 b, démontrant les capacités excep-
tionnelles du Télescope spatial James Webb (JWST)
pour la caractérisation de I'atmosphére des planétes
extrasolaires. Alors que de nombreuses nouvelles don-
nées seront disponibles dans les années a venir, cette
thése propose d'utiliser les observations du télescope
spatial Hubble (HST) en spectroscopie de transit dans
le but de préparer les futures analyses mais aussi de
développer des méthodes pour passer de la caractéri-
sation d'une seule cible a I'étude statistique d'une pop-
ulation de planétes. Nous commencons par I'étude de
la haute atmosphére des Jupiter-chauds avec les ob-

servations en proche ultra-violet du Space Telescope
Imaging Spectrograph (STIS), avant de nous pencher
sur les régions plus profondes de I'atmosphére a I'aide
du Wide Field Camera 3 (WFC3). Vingt-six spectres
en transmission sont analysés de maniére cohérente
afin d’explorer la transition entre Super-Terre et Sub-
Neptune. Nous mettons en évidence des dégénéres-
cences dans |'analyse de ces spectres et nous proposons
des stratégies d'observations pour les résoudre avec
le JWST et ARIEL. Nous étudions I'origine de ces
solutions dégénérées avec Exo-REM, un modéle radi-
atif convectif. En particulier, nous nous intéressons a
I'impact de la sédimentation des nuages sur le spectre
en transmission, la nature des espéces carbonées et la
différence entre |'absorption de |'eau et du méthane.

Title: Observations and modelling of exoplanet atmospheres: from the top of Hot-Jupiters to the bottom
of temperate terrestrial planets, investigating the transition from Super-Earth to Sub-Neptune with a Hubble

survey
Keywords: exoplanets, atmosphere, radiative transfer,

Abstract: In August 2022, the JWST Transiting Ex-
oplanet Community Early Release Science Team re-
vealed the carbon dioxide detection in the atmosphere
of the gas giant WASP-39b, proving the outstand-
ing capabilities of the James Webb Space Telescope
(JWST) in characterising exoplanets’ atmosphere. As
we explore this new range of possibilities with JWST
and as many new data will be available in the com-
ing years, this thesis uses Hubble observations in tran-
sit spectroscopy and develop methods to move from
the study of a single dataset to the statistical study
of a population of planets. We start by studying the
upper atmosphere of hot Jupiter with near-ultraviolet
observations from the Space Telescope Imaging Spec-

Hubble Space Telescope, Sub-Neptune, Super-Earth

trograph (STIS) before looking at the deeper regions of
the atmosphere with the Wide Field Camera 3 (WFC3).
Twenty-six transmission spectra are consistently anal-
ysed to explore the transition from Super-Earth to
Sub-Neptune. We highlight degeneracies in analysing
these spectra and propose observing strategies to re-
solve them with the JWST and ARIEL. We study the
origin of these degenerate solutions with Exo-REM, a
convective radiative model. In particular, we focus on
the impact of cloud sedimentation on the transmis-
sion spectrum, the nature of carbon-bearing species
and the difference between the absorption of water and
methane.
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Introduction

On July 12, 2022, NASA released the first spectrum of an exoplanet’s atmosphere taken by the James
Webb Space Telescope (JWST). The spectrum of the hot-Jupiter WASP-96b in the near-infrared and
the apparent transit light curve of this same planet was the first steps of a new and fascinating era
in exoplanet science. A few weeks later, The JWST Transiting Exoplanet Community Early Release
Science Team revealed the carbon dioxide detection in the atmosphere of the gas giant WASP-39b,
proving the outstanding capabilities of the JWST in characterising exoplanet atmospheres. An exo-
planet’s spectrum might not be the most impressive picture from JWST’s first image release at first
glance. However, it highlights the incredible rise of exoplanet atmosphere characterisation. Without
resolving the planet spatially, we can tell what molecule and atomic species compose the atmosphere if
clouds are present and determine its thermal structure. This is achievable with only a few data points
from observing the star light years away. These measurements can help us constrain the planet’s for-
mation and evolution, learn about its climate, and even determine if it is habitable.

The thousands of exoplanets discovered over the past decades and the progress towards in-depth
spectroscopic characterisation of their atmospheres have made the field evolve rapidly. Space and
ground-based facility observations added to detailed theoretical modelling provide insights into the
variety of exoplanet’s physical and chemical processes. As we explore this new range of possibilities
with JWST, let us take a step back and acknowledge what the Hubble Space Telescope (HST) has
taught us about the atmospheres of exoplanets. This thesis focuses on HST observations using the
transmission spectroscopy technique.

The present manuscript is structured around the published and submitted articles from the work
that constitutes the thesis. It is divided into four parts and nine chapters, the majority presenting
the results of one or more of the publications I have contributed to. The chapters are structured in
two axes: from giant gas-rich planets to smaller planets and from current HST to future JWST and
ARIEL capabilities.

The first part discusses the general aspect of the characterisation of exoplanet atmospheres and
details the observational fundamental techniques and results. We specially focus on Super-Earth,
and Sub-Neptune demography and space-based observational results as these objects constitute an
essential part of the thesis. The second part details the data analysis techniques of HST near ultra-
violet (NUV) observations and gives an interpretation of the atmosphere at high altitudes of several
hot-Jupiters. In the second chapter, we transpose the method applied to hot-Jupiters to a Super-Earth.

The third part deals with characterising the deeper region of the atmospheres of smaller planets
using HST near-infrared data, particularly the one obtained using the Wide Field Camera 3 (WFC3).
The first chapter presents the data analysis methods and the atmospheric Bayesian retrieval code used
to characterise the atmosphere of the planets studied in this part. We present the atmospheric charac-
terisation of two Sub-Neptunes and then move on to a temperate terrestrial planet. The third chapter



of this part reviews the main findings of a large sample study. Twenty-six transmission HST spectra
are consistently analysed to explore the transition from Super-Earth to Sub-Neptune. This chapter
reviews what has been possible to achieve and discover with Hubble about these small planets.

The fourth part deals with the modelling and simulated observations of warm Sub-Neptune atmo-
spheres. First, we present the model grid created with a self-consistent radiative-convective model.
Then we used this grid to study two points: the impact of cloud sedimentation on the transmission
spectrum and the nature of the carbon-bearing species. We discuss the importance of optical observa-
tions in differentiating a clear from a cloudy atmosphere using CHEOPS unprecedented observations.
In the last chapter, we investigate JWST and ARIEL observational strategies to unveil the ambigui-
ties highlighted by HST for Super-Earth and Sub-Neptune. In particular, we explore distinguishing a
primary cloudy from a heavier atmosphere. In both cases, spectral features are muted. Last, we com-
pare HST and JWST abilities in detecting methane in Sub-Neptune atmospheres using transmission
spectroscopy, which has not been done yet, differentiating methane from water absorption.
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Chapter 1

Characterisation of exoplanet

atmospheres

Contents
1.1 Observing methods . .. . ... . ... ittt 5
1.1.1 Transmission Spectroscopy . . . . .« v v v v v vt e e e e e e e 5
1.1.2  Occultation SpectrosScopy . . . . . . .« o v o i e 7
1.2 Observing facilities and strategies . . ... ... .. ... ... ... ... 9
1.2.1 Which processes observed in which wavelength range? . . . . . .. ... .. .. 9
1.2.2  Facilities for exoplanets atmospheric observations . . . . . . . . ... ... ... 10
1.2.3  Source of uncertainties in time series observations . . . . ... ... ... ... 11
1.3 Major results from 20 years of atmospheric observations .. ... ... .. 13
1.3.1 Diversity of the chemical composition . . . . ... ... ... ... ... ... 13
1.3.2 Clouds and photochemical hazes . . . . . .. ... ... ... ... ... ... 17
1.3.3 Exoplanets climate: atmospheric dynamics . . . . . . .. ... .. ... .. .. 19
1.3.4 Atmospheric escape . . . . . ..o 20

1.1 Observing methods

The characterisation of exoplanet atmospheres is based upon simple principles, and different methods
have been developed: transmission spectroscopy, emission and reflection spectroscopy, and full-orbit
phase curve. All these techniques can be applied to transiting exoplanets: planets that pass periodically
in front of and behind the host star blocking a small fraction of the light. We observe the portion of
the stellar light filtered through the planet’s atmosphere during the transit before it gets to us. During
the planetary eclipse, thermal emissions and reflections are blocked. Both transit and eclipse geometry
are illustrated in Figure 1.1. It is challenging on a technical level, as the star outshines the planet by
a factor of at least a thousand to one. However, by comparing these effects to the stellar constant
baseline flux, we can measure relative changes and infer atmospheric properties (Kreidberg, 2018).

1.1.1 Transmission spectroscopy

During a planetary transit, the planet passes in front of its host star and blocks a small portion of the
stellar light. The total measured flux which encompasses the planet and the star is called the transit



The stellar light is
filtered through the
planet atmosphere
during the transit.

The planet thermal
emission and reflection
are blocked during
eclipse.

Figure 1.1: Illustration of the transit and eclipse geometry for a planet and its atmosphere. The planet orbits
periodically around the star. When it passes in front of the star, there is a transit event; when it passes behind,
the secondary eclipse occurs. We presented the stellar R, and planetary Rp radii, along with the scale height
H and d, the separation of centres in the plane of the sky. This figure is adapted from Kreidberg (2018).

white light curve. The fraction of the flux blocked by the planet, leading to a slight drop in total
brightness, corresponds to the planet’s sky-projected area relative to the star’s area and is called the
transit depth (§). When it is entirely in front of the star, the absorption depth can be approximated
by the area ratio of the stellar and planetary disks, with Fi,¢ and Fg,t the stellar fluxes in and outside
the transit, Rp and R, the radii of the planet and the star:

Fint RP)2
o~1-— = = 1.1
Fout (R* ( )

In front of a star the size of the Sun, the transit depth is 1% for a planet the size of Jupiter and 0.01%
for a planet the size of the Earth.

This quantity is wavelength dependant and allows atmospheric properties to be inferred. Suppose
atoms, molecules, clouds, or hazes absorb light. In that case, the atmosphere will appear more opaque
at the wavelength where an atomic or molecular transition occurs and for which the corresponding
element is abundant (Seager & Sasselov, 2000). If the planet has an atmosphere, it will block more
stellar light, and the planetary radius will appear larger at that specific wavelength. The measurement
results in the planet’s apparent radius variation with the wavelength. To measure the transit depth
as a function of wavelength and obtain the transmission spectrum, we typically bin the total white
light curve in wavelength into spectro-photometric channels. Each spectral light curve is then fitted
separately with a transit model. To model the transmission spectrum correctly, we need radiative
transfer computation of the light on the path through the atmosphere of the planet (Seager & Sasselov,
2000). However to define the detectability of a planet’s atmosphere, we can use a good approximation,
the expression of the effective radius defined in Lecavelier des Etangs et al. (2008a) with F, the flux,
measured during the transit, Spianet(A) the effective surface (apparent radius) of the planet and its
atmosphere at A, Tatm, flatm the temperature and the mean molecular weight of the atmosphere, pplanet
the density of the planet, o the absorption cross-section of the dominant species at A, independent of
the pressure, and Ry the stellar radius:

dAF/F - dSplanet()\) - Tatrn dlno
dA dA Rzﬂatmpplanet dA

(1.2)



Similarly, we can predict the size of the atmospheric features using the scale height. The scale
height is the change in altitude over which the pressure drops by a factor of e. It is defined assuming
the hydrostatic equilibrium and ideal gas law, where Kj, is the Boltzmann constant, Teq is the planet’s
equilibrium temperature, patm is the mean molecular mass of the atmosphere, and g is the surface
gravity:

Ky Teq
Hatm§&

The size of the atmospheric features can be defined as in Kreidberg (2018), where n is the number

H= (1.3)

of scale heights crossed at wavelengths with high opacity (n is equal to two for clear atmospheres at
low-resolution (Stevenson, 2016)):

Rp +nH\? /Rp\? 2nRpH
Ady = (2 77) (22 1.4
4 ( R, ) (R) *TR? (14

The detection of an atmosphere is favoured for a nearby (within 15 parsecs because of the brightness
leading to a better signal-to-noise ratio) small host star (M-dwarf), high equilibrium temperature, a low
mean molecular weight, i.e. a hydrogen-dominated atmospheric composition, and low surface gravity.
Atmospheric measurements are also most feasible for short-period planets, which are statistically more
likely to transit and easier to schedule. In the ideal case, the size of the atmospheric features can
reach 0.1% for a hot-Jupiter around a K-dwarf, which could fall to 0.001% for an Earth-like planet.
We computed the size of the atmospheric features for planets around a Sun-like star and found the
following:

e for a hot-Jupiter with a temperature of 1300 K, a surface gravity of 25 m/s? and a mean molecular
mass of 2.3 g/mol: § =~ 0.01 and A§ ~ 4.1074

e for an Earth-like planet with a temperature of 280K, a surface gravity of 10m/s? and a mean
molecular mass of 28 g/mol: § ~ 10~* and A§ ~ 2.1076

For similar planets around Trappist-1 star:

e for a hot-Jupiter with a temperature of 1300 K, a surface gravity of 25 m/s? and a mean molecular

mass of 2.3 g/mol: § ~0.7 and A§ =~ 2.1072

e for an Earth-like planet with a temperature of 280K, a surface gravity of 10m/s? and a mean
molecular mass of 28 g/mol: § ~ 6.1073 and Ad ~ 10~*

This method is the most popular in atmospheric characterisation because it allows the constraint
if molecular abundances and cloud properties. Most of this thesis’s observations and modelling used
transmission spectroscopy.

1.1.2 Occultation spectroscopy

Occultation spectroscopy aims to measure the transiting planet’s thermal emission and reflection.
When the planet passes behind the star, it is occulted, and we can measure the stellar baseline flux.
When the planet comes out of the eclipse and back into view, the increase in the total brightness can
be attributed to the planet’s reflected light and thermal emission.

The thermal emission source for detected exoplanets is the incident stellar flux. Thus the emission
signal can be approximated as defined in Kreidberg (2018), where Fp/F, is the planet-to-star flux
ratio, B(A, T) is the blackbody spectral radiance, Rp /R, is the planet-to-star radius ratio and Ty the
equilibrium temperature:

Fp  Ba(Tes) (RP>2 (1.5)

F,  Ba(T.) \R.



The flux ratio increases with the wavelength because the planet has a temperature lower than the star.
As for transmission spectroscopy, we can construct the emission spectrum of an exoplanet atmosphere
and study the opacity of the planet with the wavelength. The emitted flux comes from the photosphere
of the planet; the more opaque the atmosphere is, the higher in altitude the photosphere will be located.
However, the wavelength is not always equivalent to the pressure. A thermal emission spectrum is an
excellent tool for establishing the thermal structure of the atmosphere. The size and shape of spectral
features depend on the atmosphere’s temperature. If there is a thermal inversion, i.e. a temperature
increase with altitude, the features will be seen in emission rather than absorption.

The reflected light can be measured at short wavelengths and is usually approximated using the
perfect Lambertian surface: a flat, perfectly diffusing disk with the same cross-sectional area as the
planet. The total reflected light is defined as in Kreidberg (2018) where A, is the geometric albedo, a
is the orbital separation and ®(«) is the phase function:

Freflected = Ag(RP/a)Zq)(a)F* (16)

Finally, we can also observe a continuous time series of photometry or spectroscopy of a planet over
its entire orbital period. A full-orbit phase curve uses the secondary eclipse and the stellar baseline
flux to measure the emission and reflection at each phase. Phase curves are mainly observed for short-
period tidally locked planets whose orbital period is equal to the rotation one. In one orbit, we can
probe all longitudes. Phase curves have a clear advantage compared to a single transit or eclipse as it
probes a broader space and time parameter space.
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Figure 1.2: Thermal emission spectrum (top) and transmission spectrum (bottom) for the hot-Jupiter WASP-
43D from Kreidberg et al. (2014b). The data points, in white, are from the Hubble Space Telescope Wide Field
Camera 3 (1.1 to 1.7 um) and Spitzer IRAC (3.6 and 4.5 um). The best fit model from an atmospheric retrieval
analysis with 1- and 2-0 uncertainty ranges are in blue.



Transmission and occultation observations can be made at different resolutions. Low spectral
resolution observations can reveal broad molecular absorption bands while observing at very high-
resolution (R ~100,000) can better resolve individual absorption lines (Snellen et al., 2010). However,
high-resolution spectra are most impacted by the stellar light and techniques of stellar-light suppression
must be employed (Lovis et al., 2017; Wordsworth & Kreidberg, 2021). Figure 1.2 presents the thermal
emission spectrum and the transmission spectrum of the hot-Jupiter WASP-43b. This figure is taken
from Kreidberg et al. (2014b) to illustrate the contributions of the two techniques, occultation and
transmission, as proposed in Kreidberg (2018). The data points in white are from the Hubble Space
Telescope (HST) Wide Field Camera 3 (WFC3) instrument IR channel (1.1 to 1.7 um) and Spitzer
IRAC (3.6 and 4.5 um). Water is detected in the atmosphere of this planet with high confidence
( 5-0). The broadband water absorption feature is seen in both spectra at low resolution. It is an
average of numerous rotational and vibrational line transitions (Kreidberg, 2018). The planet’s flux
decreases in the water band centred at 1.4 um for the thermal emission spectrum while it increases in
the transmission spectrum.

1.2 Observing facilities and strategies

Detecting an atmosphere around an exoplanet is challenging because the signal is small (one part
per thousand of the total stellar flux), and the observation is mostly indirect. Even for favourable
systems, these observations require many photons, thus a large telescope and a very stable environment
(Kreidberg, 2018). Consequently, the observation must be carefully prepared. This section is based on
the review of Kreidberg (2018).

1.2.1 Which processes observed in which wavelength range?

In transmission spectroscopy, the absorption is higher as the wavelength decreases, except when a
high-altitude cloud deck is blocking the signal. Therefore, the spectral range allows probing different
atmospheric regions, hence different processes (Madhusudhan, 2019). First, we will present the main
atmospheric processes for gaseous planets and how the electromagnetic spectrum can probe them.
The study of atmospheric processes is usually explained as a function of pressure. The atmosphere is
considered at equilibrium for gaseous planets deep in the atmosphere (P> 1 to 10 bar). We assume
that chemical reactions happen faster than disequilibrium processes (such as atmospheric mixing and
UV photolysis) so that thermo-chemical and radiative-convective equilibrium are reached. The region
higher up, between 1073 and 1 bar, can be probed using the near-infrared (NIR) and infrared (IR)
wavelength range. This part of the atmosphere is sensitive to stellar radiation but is also the location
of various processes such as thermal inversions, clouds and hazes sedimentation, and atmospheric dy-
namics. These processes depend on the temperature profile and the atmospheric chemical composition.
As a result, the atmosphere can be out-of-equilibrium. IR and NIR observations give access to the
molecular composition of the atmosphere because of rovibrational transitions; molecules like HoO, CO,
CO4, NH3, CH4 absorb in this part of the electromagnetic spectrum. IR observations give access to a
higher part of the atmosphere than the optical and are less sensitive to the presence of clouds. Above
this layer, the atmospheric composition is dominated by photo-dissociation processes between 1076
and 1073 bar. This upper part of the atmosphere can be reached using optical to near ultra-violet
(NUV) observations. Heavy metal species like TiO and VO, but also atomic metals like Fe, Mg, and
Si have strong absorption in the optical or in the NUV depending on their excitation and ionisation
states. The upper part of the atmosphere is accessible using mid-to-far Ultra-Violet (UV) observations
and is where atmospheric escape by atomic species occurs. Photochemistry reactions can also change
the composition at deeper layers given enough mixing or UV mean free path. The spectral range is
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Figure 1.3: Summary of the atmospheric processes in a gaseous exoplanet atmosphere and how the electro-
magnetic spectrum probes them. This figure is taken from the review of (Madhusudhan, 2019).

a crucial parameter in observing exoplanets as it gives access to a different part of the atmosphere
and, thus, to various physical and chemical processes. This is illustrated and summarised in Figure 1.3
taken from the review of Madhusudhan (2019).

While most of the general principles above hold for rocky planets, the presence of a surface modifies
the observational strategies as the surface, and the atmosphere interact. Taking the example of Solar-
system rocky planets, we can draw a basic thermal structure for rocky exoplanet atmospheres. At high
pressure (> 1 bar), there is a turbulent region called the planetary boundary layer, which connects the
low troposphere to the surface. The troposphere is located up to 0.1 bar, where convection processes
dominate. The temperature decreases with altitude following a near adiabatic law. Above the tropo-
sphere, the temperature decreases more slowly or even increases due to UV absorption. This region
is called the mesosphere or the stratosphere when thermal inversion occurs, and the radiative balance
is reached. The upper part of the atmosphere is the thermosphere, which is sensitive to atmospheric
escape. The temperature can increase rapidly due to heating by absorption of extreme ultraviolet or
X-ray (XUV) stellar photons (Wordsworth & Kreidberg, 2021).

1.2.2 Facilities for exoplanets atmospheric observations

Exoplanet atmospheric exploration is carried out from space but also from the ground. The Hubble
and the Spitzer Space Telescopes have been the most employed facilities from space until now. Con-
trary to the ground facilities, they offer the advantage of being free of the Earth’s atmosphere, which
is time-varying and adds noise to the observations. Earth’s atmosphere allows observations in specific
windows where it is transparent, but turbulence, variable water vapour content, clouds, and hazes
complicate the observations of tiny signals from other planets. An additional benefit of space-based
observations is that we can observe in a wavelength range where the Earth’s atmosphere absorbs, par-
ticularly the water absorption band in the near-infrared and ultra-violet ranges. They can also perform
infrared observations with low background noise (Deming & Seager, 2017). The Space Telescope Imag-



ing Spectrograph (STIS) and the Wide Field Camera 3 (WFC3) are the main Hubble instruments used
to perform exoplanet atmospheric spectroscopy from the ultra-violet (UV) to the near-infrared (NIR)
(~ 0.1 um to 1.1 um). The Spitzer IRAC instrument allows broadband photometric measurements at
3.6 and 4.5 um. The James Webb Space Telescope, launched in December 2021, has four instruments
and, by combining them, provides a wavelength coverage of 0.6 um to 12 um (up to 28 um in specific
configurations). The Atmospheric Remote-sensing Infrared Exoplanet Large-survey (ARIEL) will pro-
vide a continuous wavelength coverage of 0.5 to 7.8 um with the same instrument. We summarise in
Figure 1.4 the current and planned space facilities for exoplanets’ atmospheric characterisation. We
also indicate the Characterising Exoplanets Satellite (CHEOPS) photometric channel in dotted lines,
as it will be later on used in this thesis.
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— SpitzerIRAC
0.1 0.3 06 0.8 1.0 2.0 3.0 4.0 5.0 12.0

Figure 1.4: Summary of the current and planned space abilities for atmospheric characterisation. We indicate
the HST/STIS and WFC3 instruments coverages (0.1 to 1.7 pm). The four instruments of the JWST, NIRISS,
NIRCAM, NIRSpec and MIRI cover the 0.6 to more than 12 um. ARIEL will provide spectroscopy from 0.5 to
8 um. The resolution of these instruments is between 20 to 1000. We also indicate the photometric channels of
Spitzer/IRAC and CHEOPS in dotted lines.

Ground-based observations are difficult because of the variation of the Earth’s atmosphere prop-
erties. The cloud coverage, the mean molecular weight, and the amount of water vapour vary, which
creates additional noise in the measured light curve. One way of correcting the signal from the system-
atic trends is to monitor these variations by pointing at nearby stars. On the other hand, observing
from the ground allows for high-resolution spectroscopy based on the Doppler effect. The planetary
spectrum is shifted due to the orbital motion, which can be distinguished from the stellar lines and
the Earth’s atmosphere. This technique uses the cross-correlation method to identify the atmospheric
components (Snellen et al., 2010; Kreidberg, 2018).

1.2.3 Source of uncertainties in time series observations

As previously stated, observing an exoplanet’s atmosphere is challenging, and we aim to detect a signal
in the order of 0.1% in the best-case scenarios. It is thus essential to monitor and study the source
of errors and learn how to deal with them to disentangle the signal from the noise. Getting a precise
atmospheric signal also requires a good knowledge of the host star, especially when it is active. Several
sources of noise have been noted and can be classified as follows (Kreidberg, 2018):

1. Photon noise
2. Instrument systematics

3. Astrophysical systematics



Photon noise

The photon noise is equal to \ﬂN ), where N is the number of photons emitted by the star per unit
of time if the star emits N4 \ﬂN ) photons. Each atom in the star emits a photon with a probability
per unit of time, and the count rate follows a Poisson distribution. This noise limits the precision
of the light curve measurement. Thus, to improve the precision, we have to stack together as many
observations as possible. The brighter the star is, the larger the photon noise is; the SNR. however, is
higher for the brighter stars. For atmospheric characterisation, the best targets have a magnitude in
H-band below 10. This limit changes with facility and mode.

Instrument systematics

The noise introduced by the instruments can impact the light curves and mask the planet’s signal
by several orders of magnitude. It is a significant noise source in time series observations (TSO) for
exoplanet characterisation. The first common instrument-based noise source is the charge trapping
effect (Smith et al., 2008). This effect is mainly seen in infrared detectors, such as the WFC3, where
impurities trap photo-electrons. The trap is filled up exponentially with a time constant dependent on
the detector properties and illumination (Zhou et al., 2017). When the traps are released, an afterglow
effect appears. It can be corrected analytically by modelling (Deming et al., 2013; Line et al., 2016).

Secondly, there is an intra-pizel effect because the detector does not have a uniform spatial sensi-
tivity. The flux is then correlated to the position of the centroid in the image. This effect also arises
for infrared detectors, particularly Spitzer /IRAC, and it can be corrected by modelling the intra-pixel
variations (Stevenson et al., 2012; Deming et al., 2015; Morello et al., 2015).

The position of the spectrum on the detector can shift during the observation, causing a wvariable
tllumination effect. This effect can be due to a defocus of the telescope or a change in telescope
pointing. The light falls on a pixel with different sensitivity and thus creates a considerable flux
variation (Kreidberg, 2018). Sing et al. (2011) proposes to correct this effect with a polynomial model
for HST STIS observations. Last, the thermal breathing of the telescope, observed in particular for HST,
periodically modifies the point-spread function (PSF). This variation in the detector’s temperature at
the start of the observation creates large ramps in the observations of the light curve that can be
corrected using a polynomial model (see Chapter 3).

Astrophysical systematics

The astrophysical noise sources are mainly due to a lack of information or incomplete modelling of the
host-star. This is the case for the background stars noise, or dillution. If the host-star has a companion,
the flux from the planet can be mixed with the companion. This is common as more than one star
over two has a companion (Raghavan et al., 2010). To correct this effect, the transit or eclipse depth
is multiplied by a correction factor 1 + () where § is the background to host star flux ratio.

The stellar activity is also an important source of uncertainty in atmospheric characterisation.
In transmission spectroscopy, it can mimic atmospheric features and mislead atomic and molecular
detection. The stellar activity corresponds to the variation of star spot coverage that impacts the
transit depth. The temperature difference between the stellar photosphere and the spot (cooler regions)
creates a slope in the transmission spectrum. For example, water can form in this cold region, which
will be wrongly associated with the planet’s atmosphere because we can not differentiate the spot
absorption from the planet’s. Correctly accounting for the stellar activity would require precise long-
term, photometric monitoring of the host-star to estimate the changes in the spot covering fraction.

The astrophysical noise can also find its origin in the planet itself. During the transit, the thermal
emission from the planet’s night side can have a non-negligible contribution to the observed flux. This
effect is predicted for the hottest planets and depends on the temperature, the cloud coverage and the



heat redistribution, which is only accessible with phase curve observations. This effect can be corrected
by multiplying the transit depth with a factor 1/(1+Fp/Fs) where Fp is the planet’s night side flux
and Fy is the stellar flux (Kipping & Tinetti, 2010).

1.3 Major results from 20 years of atmospheric observations

Combining precise spectroscopic observations with in-depth theoretical modelling led to the charac-
terisation of more than a hundred exoplanets’ atmospheres and major discoveries. In this section, we
highlight some of the main results from the past twenty years with a focus on space-based observations.

1.3.1 Diversity of the chemical composition

The atmospheric composition can be predicted by studying the composition of the proto-planetary disk
during the planet’s formation. The gas and the dust surrounding the star are the first building blocks
that form planets, and their composition is similar to that of the host star. The proto-planetary disk is
thus made of a majority of hydrogen (H) and helium (He). It contains metals in smaller amounts, and
the most abundant are oxygen (O), carbon (C) and nitrogen (N). However, by studying the solar system
giant and telluric planets, we know that the atmospheric composition can be more complex and depends
on the planet’s evolution and history. The main constituents recombine in planetary atmospheres
to form molecules like dihydrogen (Hsg), water (H20), carbon monoxide (CO) and dioxide (COs),
ammonia (NHz), methane (CHy), dioxygen (O2) and nitrogen (N3). This recombination depends on
the temperature pressure profile and the atmosphere’s composition. The atmospheric dynamics and the
elemental atmospheric composition can be altered by photochemical reactions induced by the stellar
X-UV flux.

Atomic and ionic detections

Observations of exoplanet atmospheres have enabled the detection of molecular and atomic species.
Many species mentioned above have been detected in the infrared because they have strong absorption
features due to the rovibrational transitions. Heavier molecules like titanium oxide (TiO) and vanadium
oxide (VO) absorb in the optical. Atomic and ionic species have electronic transitions and are detected
in UV and optical. We represent in Figure 1.5 the opacity contributions to the transmission spectrum
for a hot-Jupiter around a sun-like star, with an equilibrium temperature of 1500 K, a solar composition
at equilibrium chemistry for a cloud-free atmosphere. We performed this simulation using the radiative-
convective modelling code Exo-REM (Exoplanet Radiative-convective Equilibrium Model) (Baudino
et al., 2015; Charnay et al., 2018; Blain et al., 2021). We note the absorption features of HoO and
CO in the infrared and the strong lines of the alkali metals, potassium (K) and sodium (Na), in
the optical. The first detection of an absorbing species and, thus, the first proof of an atmosphere
around an extra-solar planet, was the sodium doublet at 0.589 um in the hot-Jupiter HD 209458 b by
Charbonneau et al. (2002). Since then, Na and K have been discovered in other hot-Jupiters using
HST STIS observations in the optical (Nikolov et al., 2013, 2014; Sing et al., 2014, 2016; Nikolov
et al., 2018; Carter et al., 2020). Additionally, atomic and ionic species have been discovered using
UV transit observations. In particular, hydrogen was detected with Lyman-o measurements obtained
with HST STIS (Vidal-Madjar et al., 2003; Bourrier & Lecavelier des Etangs, 2013; Ehrenreich et al.,
2015), but also heavy metals in the upper atmosphere with NUV observations (Vidal-Madjar et al.,
2004; Fossati et al., 2010; Vidal-Madjar et al., 2013; Sing et al., 2019). These measurements revealed
large exosphere and escaping atmospheres for hot-Jupiter and Neptune-like planets (Ehrenreich et al.,
2015). Dihydrogen was interpreted as a possible source of the Rayleigh scattering identified in the
transmission spectrum of HD 209458 b by Lecavelier des Etangs et al. (2008b). Besides, the slope of



the optical HD 189733 b transmission spectrum suggested the presence of a haze of submicrometre
particles in the upper atmosphere (Pont et al., 2008).
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Figure 1.5: Opacity contributions to the transmission spectrum for a hot-Jupiter around a sun-like star, with
an equilibrium temperature of 1500 K, a solar-composition at equilibrium chemistry for a cloud-free atmosphere.
Sodium and potassium are the dominant absorbing species in the optical, while water and carbon dioxide dom-
inates in the near-infrared. At lower temperatures, CH; and NH3 become more abundant and contribute to the
transmission spectrum in the infrared. This figure is made using a radiative-convective model Exo-REM(Baudino
et al., 2015; Charnay et al., 2018; Blain et al., 2021).

Molecular detections

Volatile molecules have also been looked for and found in exoplanets’ atmospheres. Most of the
molecular detection has been made using the HST WFC3 instrument IR mode using the G141 grism
(1.1 to 1.7 wm) in transmission, but also emission has shown in Figure 1.2. This instrument is excellent
for detecting water which presents a strong and large absorbing feature around 1.4 pum and is expected
to be one of the main oxygen-bearing species. Thus it makes it the most observed and detected molecule
in hot-Jupiters (Tinetti et al., 2007; Deming et al., 2013; Huitson et al., 2013; Mandell et al., 2013;
Wakeford et al., 2013; McCullough et al., 2014; Kreidberg et al., 2014b, 2015; Line et al., 2016; Evans
et al., 2016; Damiano et al., 2017; Wakeford et al., 2017; Tsiaras et al., 2018) but also Sub-Neptune
and Super-Earth (Fraine et al., 2014; Wakeford et al., 2017; Tsiaras et al., 2019; Benneke et al., 2019;
Benneke et al., 2019; Guilluy et al., 2020; Edwards et al., 2021). Water was also detected using Spitzer
IRAC measurements and Ground-based observations (Beaulieu et al., 2008, 2010; Swain et al., 2010).
These detections are made in transmission spectroscopy but also using thermal emission, and then
water is detected on the day-side of the planet. They are more or less robust, but we can say that HoO
has been strongly confirmed in more than ten exoplanets. Besides HoO, other molecules have been
suggested in exoplanets’ atmospheres but have proven to be more challenging to detect. In particular,
carbon-bearing species absorb strongly in the infrared, but until now, this wavelength range was not
accessible with HST, and only hints of detection are available (Guilluy et al., 2020). Last August,
the JWST Transiting Exoplanet Community Early Release Science Team revealed the carbon dioxide



detection in the atmosphere of the gas giant WASP-39b using NIRSpec time series observations from
3.0 to 5.5um. They reported an absorption feature at 4.3 pm corresponding to a 26-0 significance
(The JWST Transiting Exoplanet Community Early Release Science Team et al., 2022). Spitzer
observations previously suggested the absorption of carbon-bearing species, but it remained difficult
to identify precisely due to the lack of unambiguous spectroscopic identification (Désert et al., 2009;
Stevenson et al., 2010; Madhusudhan et al., 2010; Morley et al., 2017; Beaulieu et al., 2011; Knutson
et al., 2011). HCN, NH3 and TiO and VO have been suggested, but there is no definitive proof of their
detection (Haynes et al., 2015; Tsiaras et al., 2016a; Evans et al., 2017; Kilpatrick et al., 2018; Guilluy
et al., 2020). The first JWST result shows that we have entered a new era of unambiguous detections,
and we will be able to have a final word on these previously tentative detections.

We note that CHy and NHj3 are not commonly and easily detected. Swain et al. (2008) detected
methane in HD 1897333 b, but it was then contested in (Gibson et al., 2012). These species are sensitive
to photo-dissociation and are expected to dominate at lower temperatures than what is usually probed
in hot-Jupiters. Besides, CH4 has similar absorbing features to HoO around 1.4 um, which makes
it ambiguous to detect with WFC3. Methane depletion has been noticed and discussed for close-in
Sub-Neptunes (Benneke et al., 2019; Bézard et al., 2022) and we will go into more detail and compare
HST and JWST abilities in detecting methane in Chapter 9.

Constraining the abundances, the metallicity and the C/O ratio

Once the molecule is detected, its abundance is estimated as the molecule’s volume mixing ratio
(VMR) or the enrichment over the solar value. The abundance of one molecule is a crucial parameter
to understanding, as a first step, the planet’s formation and evolution through the estimation of
accretion rates (Fortney et al., 2013). However, constraining the abundance of one molecule is highly
challenging and requires transmission and/or emission spectra with broad spectral coverage and precise
observations. Using only one technique generally leads to highly degenerated solutions. In transmission
spectroscopy, the degeneracies are between the abundances and the atmospheric pressure but also with
clouds or hazes. In emission, degeneracies are between the chemical ratios and the temperature profile.
Probing multiple absorbing features in a transmission spectrum can help better constrain the molecular
abundance (Benneke & Seager, 2012). In transmission spectroscopy, the temperature also influences the
spectrum’s shape, but there is a degeneracy between the abundance and the temperature. In emission,
this degeneracy is reduced because the temperature is better constrained and thus the abundance.

However, most of the best molecular abundance constraints come from HST observations in trans-
mission spectroscopy for HoO. Combining HST STIS observations in the optical, sensitive to clouds
and hazes, with HST WFC3 measurements where HoO absorbs resolves some degeneracies. Wakeford
et al. (2017) used this method to constrain HpO’s abundance in the atmosphere of HAT-P-26b to
0.8-26 x solar. Thermal emission observations with the WFC3 constrained HoO’s abundance on the
day-side of the planet (Kreidberg et al., 2014b; Line et al., 2016). Most hot-Jupiter population stud-
ies using transmission spectroscopy reported sub-solar HoO abundances (Barstow et al., 2016; Pinhas
et al., 2018; Tsiaras et al., 2018). Using phase curve observations of WASP-43 b with Spitzer, Stevenson
et al. (2017) reported a 0.3-1.7 x solar metallicity for the global abundance of CO and COs.

The metallicity of Solar-System giant planets follows a power law with the planet’s mass. The
metallicity increases with decreasing mass. Jupiter has a 3 X solar metallicity atmosphere, while
Uranus and Neptune have a strongly enriched atmosphere by 80 x solar. Some efforts have been
carried out to look for a similar pattern in exoplanet metallicity using HoO abundance. This pattern is
a natural outcome of planet formation because the massive planets are less impacted by planetesimal
infalls (Mordasini et al., 2012; Fortney et al., 2013). However, recent works suggest a more complex
process given the observed bulk planet metallicity relationship with the mass (Thorngren et al., 2016;
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Figure 1.6: Mass-metallicity relations for Solar System giant planets and exoplanets from Sing (2018) (top)
using transmission spectroscopy observations and from Thorngren et al. (2016) (bottom) using interior mod-
elling. The Solar System planets show a trend of decreasing metallicity with increasing mass. Exoplanets seem
to follow a similar pattern, but the distribution is scattered, and the uncertainties are large.



Mordasini et al., 2016). Giant planets are expected to retain their primordial atmosphere of hydro-
gen and helium. Kreidberg et al. (2014b) first showed that the observed metallicity of WASP-43b
agrees with the Solar-System trend. On the contrary, the Sub-Neptune HAT-P-26 b displays a lower
metallicity than expected, showing the diversity of atmospheric compositions in exoplanets (Wakeford
et al., 2017). This result suggests that Neptunes and Sub-Neptunes might have a different formation
and evolution process than gas giants. We illustrate the mass-metallicity power law using Figure 1.6
from adapted from Thorngren et al. (2016) and Sing (2018) and taken from the ARIEL red book. Sing
(2018) estimated the metallicity using individual transit spectroscopy measurements while Thorngren
et al. (2016) used interior modelling. Bulk metallicity estimates can not be directly compared with
atmospheric metallicity estimates. The former puts limits on the latter (Thorngren & Fortney, 2019;
Thorngren et al., 2021). Welbanks et al. (2019) studied 19 exoplanets transmission spectra from warm
Sub-Neptune to hot-Jupiters and, using a Bayesian retrieval code, retrieved the abundance of HsO,
Na and K. They found a mass-metallicity trend of increasing HoO abundances with decreasing mass,
with substellar values for gas giants and superstellar for Neptunes like planets. This trend is lower
than the pattern found for Solar-System planets using the abundance of CH4. In the Solar System
giant planet atmospheres, CHy is more easily constrained because it is well mixed in the atmosphere
at these temperatures. In contrast, the amount of HoO is not well constrained because it condenses
in the deep layers of the atmosphere (Showman & Ingersoll, 1998; Mousis et al., 2014). However, in
hot exoplanets, HoO is well mixed in the gas phase, and it seems the natural choice to constrain the
metallicity. Yet it must be noted that in most cases, the metallicity is constrained using one HyO
feature at 1.4 um and remains degenerate. The JWST and the ARIEL mission will provide precise
measurements of the atmospheric metallicity for hundreds to thousands of exoplanets, enabling an
actual statistical constraint on the metal enrichment and going beyond the four giant Solar system
planets.

The abundance ratio between carbon-bearing molecules and ozygen-bearing molecules (C/0) is also
an essential quantity in constraining planets formation and evolution (Madhusudhan et al., 2014). The
C/O ratio holds the physical properties of the proto-planetary disk and the planet’s position within
the disk (Sing, 2018). The temperature decreases with the radial distance to the centre of the disk,
allowing the identification of the frozen lines of molecules like HoO, CO and COy. The evolution of
the amount of gas versus dust and solid can be traced in a planetary atmosphere. In the case of
migrating hot-Jupiter, a high C/O ratio (> 1) could indicate that the planet was formed beyond the
snow line and accreted carbon-rich gas. In contrast, a low C/O ratio (< 1) could indicate the accretion
of oxygen-rich solid materials (Oberg et al., 2011; Espinoza et al., 2017). Once again, constraining
the C/O ratio is difficult, but it is an important tracer of disequilibrium chemistry as the equilibrium
abundances change when the carbon is more abundant than the oxygen. First attempts to evaluate
the C/O ratio in hot-Jupiters revealed an oxygen-rich atmosphere (Line et al., 2014; Kreidberg et al.,
2015; Barstow et al., 2016).

1.3.2 Clouds and photochemical hazes

Condensates are ubiquitous in the atmosphere of Solar System gas giants and telluric planets, and
we expect them to form in exoplanet atmospheres. Cloud formation depends on complex couplings
between atmospheric dynamics, chemistry, and microphysics (Marley et al., 2013). Taking the exam-
ple of the hot-Jupiter around a sun-like star described above, we show in Figure 1.7 that the typical
temperature pressure profile is close to the condensation curves of several components. Like H, C,
O, and N recombine to form molecules, they can combine to form condensates via chemistry (driven
by the temperature) or photochemistry. Photochemical hazes are present in reducing atmospheres,
carbon-rich atmospheres. The photolysis of CH4 produces radicals such as CHg, which can combine to



form a longer chain and hydrocarbon soots and finally, haze particles (Kempton et al., 2011; Morley

et al., 2013).
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Figure 1.7: Temperature pressure profile of a hot-Jupiter around a sun-like star, with an equilibrium temper-
ature of 1500 K, a solar-composition at equilibrium chemistry. This figure is made using a radiative-convective
model Exo-REM (Baudino et al., 2015; Charnay et al., 2018; Blain et al., 2021).

Clouds and haze formation have a strong impact on the transmission spectrum. First, they can
block the transmission of the stellar flux and mask atmospheric spectral features below the opaque
cloud layer. The first detection of Na in the atmosphere of HD 209458 b is also the first indication of
clouds as the spectral feature does not reach the expected one in a clear atmosphere (Charbonneau
et al., 2002). Truncated spectral features to completely flat spectra have been observed for hot-Jupiters
and Neptune-like planets for which we expect an extended atmosphere (Deming et al., 2013; Crossfield
et al., 2013; Kreidberg et al., 2014a; Knutson et al., 2014a). Depending on the height of the cloud deck,
spectral features can be masked partially to entirely. The water features are partially blocked in the
atmosphere of HD 209458 b (Deming et al., 2013) while it is completely masked for the Sub-Neptune
GJ1214b (Kreidberg et al., 2014a). The transmission spectrum is featureless and has a precision of
around 30 ppm, corresponding to an optically thick absorber at a pressure level of 0.1 millibars. This
result is explained by a very high cloud layer or efficient haze formation (Morley et al., 2015).

Condensates can also create a slope at short wavelengths, and the scattering of particles introduces
a steep increase in transit depth in the optical part of the spectrum. A large slope in the optical
has been observed in several transmission spectra and interpreted as particle scattering (Pont et al.,
2008; Lecavelier des Etangs et al., 2008a; Sing et al., 2011, 2013; Dragomir et al., 2015; Sing et al.,
2016). The large slope observed in NUV HST observations of WASP-78 b’s was interpreted by SiO
absorption (Lothringer et al., 2022). Condensates are more likely to be formed in temperate to warm
atmospheres (Stevenson, 2016; Charnay et al., 2018); however, the microphysics of clouds is complex
and depends on the temperature pressure profile and the atmospheric circulation. That is why phase
curve observations are best suited to study the impact of clouds in tidally-locked planets and infer
condensate properties (Demory et al., 2013; Parmentier et al., 2016).



1.3.3 Exoplanets climate: atmospheric dynamics

Transiting planets orbit in synchronous rotation around their host star, making them tidally locked and
highly irradiated. This geometry affects the dynamics of the atmosphere, particularly the day-night
temperature structure and the chemistry through photochemical processes.

Thermal emission measurements give access to the planet’s climate, and until now, observations
have been mainly carried out for hot-Jupiters. Secondary eclipse observations have been used to con-
strain the day-side temperature and the temperature-pressure profile. One of the most important
results is the thermal inversion in hot-Jupiter atmospheres. Thermal inversion occurs when strong
optical absorbers, like TiO and VO, absorb the stellar radiation at a higher altitude than they ther-
mally radiate, which heats the atmosphere’s upper layers and increases the temperature with altitude
(Fortney et al., 2008). TiO and VO are expected in the hottest atmosphere, where we can observe a
stratosphere. Hot-Jupiter and, most notably, ultra-hot-Jupiters (UHJ) are new objects with unique
physical processes. The presence of a stratosphere transforms the atmospheric circulation and dynam-
ics of the planet. For a hot-Jupiter without strong absorbers, the stellar radiation is absorbed deep in
the atmosphere at a pressure of around 1 bar. This results in a temperature-pressure profile decreasing
with the altitude while it increases with altitude when the stellar radiation heats optical absorbers.
Additionally, winds high in the atmosphere are not efficient enough to redistribute the energy, creating
a strong day-night temperature gradient. With a thermal inversion, the hottest part of the atmosphere
is located at the sub-stellar point, and the temperature decreases towards the limb (Sing, 2018).

First Spitzer observations of HD 209458 b by Knutson et al. (2008) proposed a thermal inversion
but it was later disputed (Diamond-Lowe et al., 2014; Schwarz et al., 2015; Line et al., 2016). A search
for thermal inversions with Spitzer was conducted but did not provide definitive detections. A strong
thermal inversion was more recently discovered by Evans et al. (2017) in the atmosphere of WASP-
121b. The HoO feature is thermally inverted and is seen in emission using HST secondary eclipses
observations. A stratospheric thermal inversion and evidence of TiO were observed in the atmosphere
of WASP-33b (Haynes et al., 2015; Nugroho et al., 2017). TiO was not detected in WASP-18 b’s
atmosphere, but H™ opacity could be the cause of the observed inversion (Sheppard et al., 2017; Ar-
cangeli et al., 2018). These planets have a day side temperature above 2500 K, which could be the limit
for thermal inversion; however, this is not a sufficient condition as it is not systematically observed for
ultra-hot-Jupiters (Beatty et al., 2017b). Most of the planets observed to date do not show thermal
inversion, implying a lack of UV and optical absorbers for irradiated atmospheres.

Thermal phase curves give access to detailed constraints on atmospheric circulation. Phase curve
observations can be carried out in individual photometric channels or full-phase spectroscopy. Phase
curves are precious for atmospheric characterisation. They give information on the temperature profile
as a function of the orbital phase and the brightness temperature as a function of the atmospheric
pressure, but also provide the location of the day-side hot spot (Madhusudhan, 2019). Exoplanet phase
curves are observed with current facilities such as HST, Kepler, and Spitzer, from which we can now
add JWST. The first phase curve observations and analysis were led by Knutson et al. (2007) for the
hot-Jupiter HD 189733 b using Spitzer. They showed an offset of the peak brightness eastwards to
the substellar point, which is predicted by Global Circulation Models (GCMs). Eastward equatorial
jets are caused by the Rossby wave’s interaction with the planet’s rotation (Showman et al., 2009).
Besides, Knutson et al. (2007) showed a small difference between the day and night sides temperatures,
suggesting an efficient heat redistribution. The first phase curve spectroscopic observations was made
for WASP-43Db using HST WFC3 instrument (Stevenson et al., 2014). They could infer the planet’s
thermal structure in longitude and altitude and constrain the bond albedo to 0.2. They also highlighted
a strong day-night gradient likely caused by cloud formation on the night side. Most phase curve
observations were initially conducted for hot-Jupiters but are now more commonly done for smaller



planets. Demory et al. (2016) realised a thermal phase curve of the Super-Earth, 55 Cnc e using Spitzer.
This observation highlighted the large temperature difference between the day side, which reaches
2700 K and the night side at 1300 K, and the host spot offset 40 degrees eastward of the sub-stellar
point. 55 Cnc e observations are consistent with either a magma ocean, molten rocks on the day-side or
a thick atmosphere with no heat redistribution. Phase curve measurements of irradiated rocky planets
can help determine if they retained an atmosphere and even constrain the nature of their surface.
Kreidberg et al. (2019) revealed a symmetric amplitude of the thermal phase curve using Spitzer
observations at 4.5 um of LHS 3844 b. This result suggests a large day-night temperature contrast and
rules out the presence of a thick atmosphere around LHS 3844 b. We present in Figure 1.8 Spitzer
phase curves observations of 55 Cnce and LHS 3844 b. The asymmetric phase curve for 55 Cnc e might
suggest atmospheric circulation, while the symmetry in LHS 3844 b observations suggest the absence
of a thick atmosphere.
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Figure 1.8: Thermal phase curves for the Rocky planets 55 Cnce (Demory et al., 2016) (left) and LHS 3844 b
(Kreidberg et al., 2019) (right). The asymmetric phase curve for 55 Cnc e might suggest atmospheric circulation,
while the symmetry in LHS 3844 b observations suggest the absence of a thick atmosphere.

Phase curve measurements first confirmed for hot-Jupiters that the heat redistribution efficiency
decreases with the stellar irradiation and that the hot spot is located eastwards to the sub-stellar point
as predicted by GCM. At the same time, observations of rocky planets showed that phase curves could
be used to infer the presence of an atmosphere.

1.3.4 Atmospheric escape

We showed in Section 1.3.1 that NUV and optical observations led to the detection of atomic species
in the upper part of the atmosphere. Atomic H and heavy metals have been reported in several giant
planets and Sub-Neptune at the level where they are no longer gravitationally bound to the planet and
escape the atmosphere (Vidal-Madjar et al., 2003; Bourrier & Lecavelier des Etangs, 2013; Ehrenreich
et al., 2015; Sing et al., 2019). To confirm that an atmosphere is escaping, it has to extend beyond the
Roche lobe radius. The most common observation is the transit depth measurement in the Lyman-a
line, where the density of neutral hydrogen is very low. Vidal-Madjar et al. (2003) measured a transit
depth of 15% whereas Charbonneau et al. (2002) measured an optical transit depth of 1.5% which
showed that hydrogen is extended to very large radii (Owen, 2019). The absorption depth reaches 56%
in Lyman-« for GJ436 b compared to the optical value, 0.69% (Ehrenreich et al., 2015; Kulow et al.,
2014). This incredible absorption difference is proof that the Sub-Neptune is undergoing atmospheric
escape. Other measurements can be a good probe for atmospheric escape. HST NUV measurements
were used to detect escaping metal in the magnesium and iron lines in the atmosphere of WASP-121b
(Sing et al., 2019). Spake et al. (2018) used the He triplet line in HST WFC3 to detect an extended
atmosphere around WASP-107b. Observational discoveries are detailed in the introduction of Chap-
ter 3, which presents the analysis of HST NUV observations.



Theoretical models suggest that stellar X-Ray and extreme ultraviolet (EUV) radiation leads to
the instability of the upper layers of a hydrogen-rich atmosphere and the extension to a hydrodynamic
state. This vertical flow of hydrogen accelerates to several kilometres per second at the exobase, where
it becomes possible to escape the planetary gravity (Koskinen et al., 2013). The dynamics of the
escaped gas depend on acceleration mechanisms such as radiation pressure or interactions with the
stellar wind. These two mechanisms can accelerate the gas away from the planet at high velocities
and give it the shape of a cometary tail, as observed for GJ 436 b (Ehrenreich et al., 2015). The depth
of the profile is related to the atmospheric escape rate. At the same time, its spectral range depends
on the gas acceleration mechanisms and allows the study of the stellar wind’s properties. Observing
and constraining the hydrodynamic escape processes give access to the composition of the exosphere
and the planetary mass loss. The Lyman-« line is a probe of the extended exosphere. In contrast,
lines of other heavy elements probe the extended atmosphere of hot planets in more detail and con-
strain the location and temperature of the thermosphere (Bourrier et al., 2014b,a). The mechanism
of hydrodynamic escape suggests that evaporation can affect all planets with a massive hydrogen en-
velope that is irradiated. This is the case for gas giants at short orbital distances. Nevertheless, giant
planets are so massive that they can only lose a small fraction of their mass during their lifetime
(Owen, 2019). Atmospheric escape is stronger the lower the density of the planet. However, its impact
is more significant for a low-mass planet and probably the most important escape mechanism for a
hydrogen-rich atmosphere on low-mass planets. The study of atmospheric escape for Sub-Neptune is a
hot topic as this could explain the formation of the radius valley (Fulton et al., 2017; Eylen et al., 2018).

One of the most striking discoveries of the past decades is the bi-modal distribution of low-mass
exoplanets, also called the Fulton Gap or radius valley (Fulton et al., 2017; Fulton & Petigura, 2018;
Eylen et al., 2018). Exoplanets in the 1.5 to 2Rg radius range are less common than planets with
a lower or higher radius. This result was predicted by hydrodynamical escape modelling (Lopez &
Fortney, 2014; Owen & Wu, 2013). It could explain the abundance of small planets at short orbital
distances as they could be the remnant of the rocky cores of Sub-Neptune, whose atmosphere has been
completely stripped. The existence of the Fulton gap is discussed in Chapter 7. A large part of this
thesis deals with intermediate-sized planets’ observation and nature. Most of the observations and
results discussed in this first chapter focus on hot-Jupiters; the next chapter details the major results
for rocky to sub-Neptune planets.
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2.1 Small exoplanets demography

Since the first exoplanet was discovered around a main sequence star by Mayor & Queloz (1995),
recognised with the Nobel prize in 2019, more than 5000 exoplanets have been discovered around
different stars, even around pulsars (Wolszczan & Frail, 1992)-actually before 51 Pegasib in 1995—,
binaries (Doyle et al., 2011; Welsh et al., 2012) and ultra-cool dwarfs (Gillon et al., 2017). It has been
shown that, on average, every star in the galaxy host at least one planet (Cassan et al., 2012; Howard
et al., 2010) and the planets discovered are far from being an unbias sample. However, ongoing space
missions (e.g the ESA Gaia Perryman et al. (2014), the NASA Kepler and K2 Batalha (2014); Mayo
et al. (2018); Borucki (2016); Petigura et al. (2018), the NASA Transiting Exoplanet Survey Satellite
TESS Ricker et al. (2016); Barclay et al. (2018)), and ground-based surveys (e.g. SPECULOOS Gillon
(2018), HARPS Pepe et al. (2018), Micro-lensing Batista (2018), Gemini Nielsen et al. (2019), SPHERE
Boccaletti et al. (2020)) and future missions (the ESA PLATO) will enable the discovery of thousands
of new exoplanets, from hot-Jupiters to Earth-sized around bright stars.

2.1.1 Key questions and classification

This thesis deals with the observation and modelling of exoplanet atmospheres. In particular, we hold
a special focus on studying small planets, with a size between the Earth and Neptune (1-4Rg and 1-20



Mg). The discovery of such planets on short-period orbits, by far the most common, identified by
the NASA Kepler mission (Howard et al., 2012; Fressin et al., 2013), has brought new perspectives to
our understanding of exoplanet formation. These intermediate-sized planets, also called transitional
planets, have no equivalent in the Solar System and have raised new key questions. What is this type
of exoplanet made of? What is the atmospheric composition, and is it linked to physical, stellar, and
orbital parameters? How were these planets formed? Figure 2.1 is a schematic illustration of the
different pathways of planet formation and evolution. We will not discuss the details of the formation
process. However, categorising planets is the first step to understanding their variety and demography
(Chen & Kipping, 2016).

e Gas-Giants have a radius superior to the one of Neptune and are composed, in a significantly
large fraction, of primordial hydrogen and helium.

e Terrestrial planets, with a high density, are rocky objects with a radius roughly below 1.5Rg.
These planets have probably lost their primordial envelope. They can have a secondary atmo-
sphere created by impacts or outgassing. Depending on their irradiation, they consist of bare
rock, an icy core, a magma-ocean planet or feature similarities to the four inner planets and the
satellites of gas giants in the Solar System.

e Transitional planets probably have a bulk composition dominated by heavy elements, but they
could have retained a primary atmosphere of hydrogen and helium. These planets are between
the two categories above and are crucial in understanding planetary system formation.

This classification gives us a first view of the planets discovered as a function of the radius. However,
the separation in radius is not set in stone. For example, the definition of Super-Earth and Sub-
Neptune is unclear: can we find a rocky core with an extended atmosphere and a radius of 1.5Rg?
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Figure 2.1: Ilustration of the different pathways on how planet form (orange arrows) and evolve (blue arrows).
They are divided into three groups: high-density planets, gas-rich planets and intermediate-sized planets. This
figure is taken from the ARIEL Definition Study Report (study report, 2020) and adapted from (Turrini et al.,
2018). The light blue histogram on the backs is the occurrence rate of planets as a function of the radius from
(Fulton et al., 2017; Fulton & Petigura, 2018)



2.1.2 The Radius Valley

As previously stated, one of the most surprising findings of the past years in exoplanets survey is the
high occurrence of rocky planets and the bi-modal distribution of intermediate-sized planets. Exoplan-
ets with a radius between 1.5 and 2Rg, are less numerous than those with lower and higher radii, with
a gap centred at 1.7Rg (Fulton et al., 2017; Eylen et al., 2018). This result has shaped the population
of intermediate-sized planets, dividing them into two groups and consequently has shaped the classifi-
cation presented above. Planets with a radius below 1.5g are thought to be rocky, have probably lost
their primordial atmosphere and thus might have a heavy secondary atmosphere. Planets with a size
above 24 are likely gaseous planets, with a large portion of their atmosphere dominated by hydrogen
and helium (see Figures 2.2). The transition between rocky and gaseous is poorly understood, we
know it should occur between roughly 1 and 3Rgq), but we do not know if it is an abrupt or continu-
ous process. The Kepler mission revealed this deficit in the occurrence rate of Sub-Neptunes, but it
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Figure 2.2: Occurence rate of planets with a period below 100 days (left) and distribution of planets as a
function of size and orbital period (right). The figures are taken and adapted from Fulton & Petigura (2018).

was predicted by hydrodynamical escape modelling (Lopez & Fortney, 2014; Owen & Wu, 2013) and
called the "photo-evaporation valley". It could explain the abundance of small planets at short orbital
distances as they could be the remnant of the rocky cores of Sub-Neptune, whose atmosphere has
been completely stripped. However, other pathways could be considered (Ginzburg et al., 2018). The
location of the gap varies depending on the host star (Fulton & Petigura, 2018; Cloutier & Menou,
2020), and its appearance is blurred while plotting a radius-temperature diagram. Two planets of
similar size could have very different bulk compositions, making the Radius Valley interpretation even
more complex. This reinforces the need for atmospheric constraints.

2.1.3 The hot-Neptune desert

The hot-Neptune desert, also called the sub-jovian desert, can be understood as an extension of the
Radius Valley in a different parameter space at high stellar irradiation and radius. While we can
find ultra-hot-Jupiters (R>10Rg) or rocky planets (R<2Rg) with an orbital period of less than a day
around Sun-like stars, there is a lack of planets between these two categories. This dearth of planets
can be explained by the intense stellar radiation that removes the primary envelope from low-mass
planets, leaving a bare rocky core, or by the enrichment of the atmosphere through outgassing (Davis &
Wheatley, 2009; Szabo & Kiss, 2011; Mazeh et al., 2016; Winn et al., 2018). The effective temperature
of these planets can reach 2000 K (Jenkins et al., 2020), making them unique objects to analyse. How
they manage to keep their hydrogen atmosphere remains unclear. If the planets formed as a hot-
Jupiter, atmospheric mass loss removal through photo-evaporation can not be the only mechanism



to explain present-day mass and radius. Studying the hydrodynamical escape mechanism and the
potential evaporation and Roche Lobe overflow is crucial to understand the demography.

2.2 Nature of intermediate-sized planets

2.2.1 Mass-radius diagram

Intermediate-sized planet composition remains an open question. These planets could have a rocky
core with an extended gaseous hydrogen and helium envelope, or even heavier elements. We could find
steamy atmospheres, dominated by water, around a water ice core (Valencia et al., 2013; Zeng et al.,
2019). Although the density is essential to constrain the bulk composition of exoplanets, the knowledge
of only the mass and the radius is not enough to constrain the nature of these planets. Many different
combinations of materials can yield the same planetary density. We represent in Figure 2.3 (left) the
degeneracy of the internal composition of GJ1214b. This figure is taken from Valencia et al. (2013)
and adapted by study report (2020). The ternary diagram proposes internal composition depending
on the Earth-like nucleus fraction, water and ice fraction and the hydrogen and helium fraction to
the total mass. The thick black dashed lines represent the constraints on GJ 1214 b mass and radius.
Two very different compositions are consistent with the observations: either a pure water composition
or a 90% rocky core with a 10% envelope of hydrogen helium and trace of water. We also plot the
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Figure 2.3: Internal composition of GJ1214b with the density (left). The ternary diagram proposes inter-
nal composition depending on the Earth-like nucleus fraction, water and ice fraction and the hydrogen and
helium fraction to the total mass. Grey lines are for constant radius. The plot is from (Valencia et al.,
2013). Mass-radius diagram for exoplanets and solar system planets compared to model compositions (right).
Only planets with a 5-0 measurement are plotted. The grey-shaded area corresponds to rocky planets. The
dotted lines represent the limit set in (Rogers, 2015) above which planets have retained hydrogen and he-
lium. The plot is from Wordsworth & Kreidberg (2021), the measurement from NASA Exoplanet Archive
(https://exoplanetarchive.ipac.caltech.edu/) and the model composition from Zeng et al. (2019).

mass-radius diagram from Wordsworth & Kreidberg (2021)’s review. It represents the mass and radius
measurements for exoplanets and solar system terrestrial planets. They represent exoplanets with a
radius below 3Rg and a mass below 10Mg. The grey-shaded area corresponds to rocky planets. The
dotted line corresponds to the limit set in (Rogers, 2015) above which planets have retained hydrogen
and helium. The measurements are from NASA Exoplanet Archive ! and the model composition are
from Zeng et al. (2019). This representation supports the classification presented in section 2.1.1.
Planets with a radius below 1.5Rg are consistent with a rocky composition (Weiss & Marcy, 2014;
Rogers, 2015; Wolfgang & Lopez, 2014) while planets with a larger radius require volatiles species and
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are scattered in terms of density. The Radius Valley is identified with fewer planets in the 1.5 to 2R
range. The planetary radius increases rapidly with the amount of hydrogen in the model. We note
that mass-radius measurements of Sub-Neptunes are consistent with several internal compositions,
including a pure-water model. The density must be confronted with atmospheric measurements and
modelling to constrain intermediate-sized planets’ nature fully.

2.2.2 The existence of Water-worlds

Recently, Luque & Pallée (2022) revisited the mass-radius diagram of transitional planets. They
analysed the mass and the radius of all transiting planets with a size below 4Rg around M-dwarfs.
They identify three populations of planets: rocky, water-rich and gas-rich. Their observations are
inconsistent with the bimodal radius distribution explained by atmospheric loss. They look at the
planetary distribution in terms of density and find a gap between rocky and water-rich exoplanets.
Rocky planets could form within the slow line, whereas water-world form beyond the water frost
line and then migrate inward. Orbital migrations can thus explain the gap in density that separates
planets. We represent in Figure 2.4 two plots from their study. The first one is the mass-radius
diagram of exoplanets around M-dwarfs. They use two internal models from Zeng et al. (2019): an
Earth-like model (green) and a 50% water dominate ices added to 50% silicates (blue). We can see
the alignment of two populations of planets on these two lines regardless of the temperature. We
represent the frequency of planets as a function of the density normalised to the Earth. Once again,
three populations of planets appear rocky, water-world and puffy Sub-Neptunes. This study questions
the appearance and understanding of the Fulton Gap and the existence of water-world planets. The
classification made in section 2.1.1 would see a new class of planet appear: water-rich planets.
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Figure 2.4: Mass-radius diagram for small planets around M-dwarfs (left). They include nine new planets’
mass-radius measurements and represent two model compositions from Zeng et al. (2019). The green line is the
Earth-like composition, and the blue line is a 50% water dominant ices added to 50% silicates. Frequency of
small planets as a function of density (right). Solid lines are Gaussian models fitted to the distributions. Brown
histograms are for rocky planets, light blue for water-worlds and dark blue for puffy Sub-Neptunes.

Mousis et al. (2020) studied the mass-radius diagram of irradiated terrestrial water-worlds. They
showed that close-in ocean planets affected by the greenhouse effect display hydrospheres in a super-
critical state. This phenomenon generates inflated atmospheres without invoking the presence of large
hydrogen-dominated envelopes. Their models suggest that super-Earths and water-rich Sub-Neptunes
could belong to the same family of planets, hydrogen and helium-free planets, with differences between
their interiors simply resulting from the variation in the water content. Besides, Turbet et al. (2019a,



2020a) showed that irradiated water-rich planets might have a hot interior made of steam because of
a strong runaway greenhouse effect.

2.3 Observations of transitional to rocky planets

2.3.1 Probing the atmosphere to break degeneracies

Atmospheric characterisation is the most reliable method to constrain the nature of Sub-Neptune and
Super-Earth. First, we must define the type of atmosphere we observe. A low mean molecular weight
(2.3g/mol, 1 x solar) corresponds to what we call a primary atmosphere. The atmosphere can
contain gas traces in a low amount (VMR~ 1073). Sub-Neptunes are expected to have atmospheres
enriched with heavy elements leading to a mean molecular weight above 4g/mol (100 to 300 x solar).
This type of atmosphere is still dominated by hydrogen and helium, but their composition is unclear.
We expect to find volatile species in larger amounts. A secondary atmosphere is an Earth-Like
atmosphere, no longer dominated by hydrogen and helium and formed by cometary impacts or out-
gassing. We could also find water-rich atmosphere from the Luque & Pallé (2022) analysis.

Identifying the dominant molecular species and constraining the mean molecular weight or the
atmospheric metallicity will help discriminate planets that retained their primordial hydrogen and
helium from those that did not. Thus, a classification through the mean molecular weight can be used
to separate atmospheric models.

2.3.2 Major results from Space Observations

Most of the small planets’ atmospheric characterisation results were obtained with the Hubble Space
Telescope and Spitzer. We already discussed discoveries in the Sub-Neptune regime in Chapter 1, and
we recall some major results :

e Water identification using HST STIS and WFC3: HAT-P-11 b(Fraine et al., 2014), HAT-P-
26 b(Wakeford et al., 2017; MacDonald & Madhusudhan, 2019), HD 106315 ¢ (Guilluy et al.,
2020; Kreidberg et al., 2020), HD 3167 ¢ (Guilluy et al., 2020; Mikal-Evans et al., 2020), K2-
18 b(Tsiaras et al., 2019; Benneke et al., 2019), GJ 3470 b (Benneke et al., 2019)

e Flat transmission spectra interpreted as clouds or hazes condensation: GJ 1214 b(Kreidberg et al.,
2014a), GJ 436 b(Knutson et al., 2014a)

e Atmospheric mass loss using Lyman-a and NUV observations: GJ436b (Ehrenreich et al., 2015),
GJ 3470 b(Bourrier et al., 2018), HAT-P-11 b(Allart et al., 2018; Ben-Jaffel et al., 2022; dos Santos
et al., 2022)

Pushing to terrestrial planets observations is challenging and reaches the limit of current facilities.
Most of the observations have been performed for transiting planets around M-dwarfs, motivated by
the discovery of the seven-rocky planets TRAPPIST-1 system (Gillon et al., 2016, 2017). M-dwarfs
have several advantages in transmission spectroscopy. They are more numerous than Sun-like stars
leading to more favourable targets. They have a smaller radius, which increases the signal-to-noise of
the planet’s atmospheric features (see Chapter 1.1.1), and they have a cooler temperature, leading to
temperate Earth-like planet located closer to the star where they are more likely to transit (Dressing
& Charbonneau, 2013; Dressing & Charbonneau, 2015). Transmission spectroscopy was obtained for
about ten rocky planets around M-dwarfs.

In particular, transit spectroscopy with the Hubble WFC3 G141 has been performed on all seven
planets of the ultra-cool TRAPPIST-1 star (de Wit et al., 2016, 2018; Wakeford et al., 2019; Gressier
et al., 2021; Garcia et al., 2022). Atmospheric features can reach ten ppm; however, all the transmission



spectra are featureless, and a primary atmosphere is ruled out with at least 2-o. Flat transmission
spectrum results in a constant transit depth over the observed wavelength range. An in-depth anal-
ysis of TRAPPIST-1h data is detailed in Chapter 7 along with an atmospheric comparison of other
TRAPPIST-1 planets. Southworth et al. (2017) and Swain et al. (2021) found evidence of atmospheric
features and claimed an atmosphere around the warm rocky planet GJ 1132b (Berta-Thompson et al.,
2015). However, this detection is inconsistent with Diamond-Lowe et al. (2018); Mugnai et al. (2021);
Libby-Roberts et al. (2022); Waalkes et al. (2019); studies that rejected Hy dominated atmosphere and
did not find evidence for atmospheric features. While the signal-to-noise of these transmission spectra
allows rejecting hydrogen-rich atmospheres, we can not yet rule out heavier atmospheric scenarios with
smaller features. An atmosphere dominated by Na, HoO or COs with a high mean molecular weight
has spectral features of the order of the observations uncertainties. A flat transmission spectrum could
also result from no atmosphere or a high-altitude cloud or haze layer that blocks the stellar flux through
the atmosphere.

A water feature is tentatively identified in the 1.7Rg planet, LHS 1140 b, HST observation (Edwards
et al., 2021). This water detection is not statistically significant (2-¢') and is also consistent with stellar
activity. TRAPPIST-1 b-g also shows hints of water features consistent with water contamination from
the stellar photosphere.

Thermal emission measurement was carried out for LHS 3844 b, a 1.3Rg planet with an 11 hours
orbital period (Vanderspek et al., 2019). We presented the phase curve of this rocky planet in Chapter 1,
Figure 1.8. Kreidberg et al. (2019) revealed a symmetric amplitude of the thermal phase curve using
Spitzer observations at 4.5 um. This result suggests a large day-night temperature contrast and rules
out the presence of a thick atmosphere.

Last, 55Cnce, a 1.9Rg Super-Earth (Demory et al., 2016) is the only planet around a Sun-like
star for which transmission and thermal emission measurements are available. It is a prime target for
transmission spectroscopy with a bright host star visible to the naked eye. This planet orbits in less
than a day resulting in an elevated temperature of 1960 K. It is still unclear whether the planet has a
rocky surface or a thick volatile envelope from its parameters. However, a light atmosphere dominated
by hydrogen and helium is not the favoured scenario, as extreme UV radiation would remove such
an atmosphere. Lyman-o measurements (Ehrenreich et al., 2012) and high-resolution spectroscopy
(Deibert et al., 2021) are consistent with this hypothesis but disagree with Tsiaras et al. (2016a)
analysis of Hubble NIR spectrum consistent with HCN features in a light atmosphere. Demory et al.
(2016) realised a thermal phase curve of the Super-Earth, 55 Cnc e using Spitzer (see Figure 1.8). This
observation highlighted the large temperature difference between the day side, which reaches 2700 K
and the night side at 1300 K, and the host spot offset 40 degrees eastward of the sub-stellar point.
55 Cnc e observations are consistent with either a magma ocean, molten rocks on the day-side or a thick
atmosphere with no heat redistribution. 55 Cnce is an outlier. This planet is poorly understood, with
variability in transmission and emission spectroscopy. NUV observations of this planet are presented
in Chapter 4.

2.3.3 Population studies

The statistical study of exoplanets’ atmosphere remains challenging due to the small amount and the
low quality of the available data. It is thus mostly reserved for hot-Jupiters (Sing et al., 2016; Tsiaras
et al., 2018; Gao et al., 2020). However, population studies of exoplanets are key to unlocking their
statistical properties.

Sing et al. (2016) carried out a comparative study of ten hot Jupiters covering the wavelength
range 0.3 to 5 um. Combining HST STIS, WFC3 and Spitzer measurements allows them to resolve
optical scattering and infrared molecular absorption. They reveal a diverse group of hot-Jupiters that
exhibit a continuum from clear to cloudy atmospheres. They define a metric by computing a difference



between the optical and infrared planetary radii to distinguish atmospheric scenarios. The difference
correlates with the spectral strength of water so that strong water absorption lines are seen in clear-
atmosphere planets, and the weakest features are associated with clouds and hazes. The water feature
metric is used in several studies to compare hot-Jupiter atmospheres (Stevenson, 2016; Fu et al., 2017;
Gao et al., 2020). In particular, (Gao et al., 2020) uses the amplitude of the water feature correlation
to the temperature to constrain the condensation of silicate hazes in gaseous atmospheres. They find
that silicates dominate aerosol opacity above equilibrium temperatures of 950 K, while hydrocarbon
aerosols dominate below 950 K due to increased methane abundance.

Changeat et al. (2022) analysed spectroscopic and photometric data of 25 hot Jupiters obtained
with the Hubble and Spitzer Space Telescopes via the eclipse technique. They perform a consistent
retrieval analysis of the entire set of 25 planets and extract robust trends in the thermal structure and
chemical properties of hot Jupiters. Tsiaras et al. (2018), consistently reduced 30 gaseous planets HST
WEFC3 G141 data and analysed them with a Bayesian retrieval tool. They develop methods to quantify
atmospheric detectability and infer atmospheric properties. Even more recently, Edwards et al. (2022)
extended this study to 65 HST transmission spectra. However, all of these studies deal with gas giants,
and small planets’ atmospheres have not yet been looked at in a consistent large-scale survey until this
thesis.

Crossfield & Kreidberg (2017) proposed the first study of six Sub-Neptunes HST transmission
spectra. They use the water feature amplitude around 1.4 wum and investigate the correlation with
other parameters. They show a correlation between the amplitude of atmospheric features in the
near-infrared with the temperature and its bulk H/He mass fraction. These correlations could indicate
either more optically thick or photochemically produced hazes at a lower temperature. They linked
the correlation to the formation of clouds and hazes in Sub-Neptunes atmospheres. They showed that
the temperature limit between clear and cloudy /hazy atmospheres could be found around 850 K.

One of the goals of this thesis is to improve our knowledge of the atmospheric composition of
intermediate-size planets. This is linked to the formation and evolution of these planets. Getting
closer to the atmospheric composition will inform us about its formation. This question will be ad-
dressed in Part III and IV using Hubble NIR observations and modelling, while Part II deals with gas
giant atmospheric escape through NUV observations. However, the last chapter of this part discloses
unprecedented NUV observations of a Super-Earth linking this part to the study of the transitional
planets. We perform a Hubble transmission survey of rocky to intermediate-sized planets in Chap-
ter 7. This is the first large-scale transmission survey of small planets, building upon the initial work

of Crossfield & Kreidberg (2017).
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3.1 Introduction

This chapter is based on the publication The Hubble PanCET Program: The near-UV trans-
mission spectrum of WASP-79b (Gressier et al. submitted, which addresses WASP-79b Hub-
ble STIS data analysis and interpretation. This paper was submitted to A&A in July 2022 (seeList of
Publications ).

Exoplanet atmospheric characterisation has been mainly carried out using observations of close-in
transiting planets. Transit spectroscopy in the visible or in the infrared enabled the detection of atomic



and molecular species (Tinetti et al., 2007; Swain et al., 2008, 2010; Deming et al., 2013; Kreidberg
et al., 2014b; Sing et al., 2016; Tsiaras et al., 2018; Madhusudhan, 2019), as well as clouds and hazes
(Pont et al., 2008; Lecavelier des Etangs et al., 2008a; Bean et al., 2010; Kreidberg et al., 2014a) in
the lower parts of the atmosphere. Absorption spectroscopy in the ultraviolet (UV) gives access to
the upper part of the atmosphere up to the exosphere (1076-10~7 bar) and enables the detection of
atomic and ionic species (Redfield et al., 2008; Fossati et al., 2010; Wyttenbach et al., 2015; Arcangeli
et al., 2018; Spake et al., 2018). Exoplanets orbiting close to their star receive stellar X-ray and
extreme UV radiations leading to heating at the base of the thermosphere and to the hydrodynamical
expansion of the upper layers (Watson et al., 1981; Lecavelier des Etangs et al., 2004; Murray-Clay et al.,
2009; Erkaev et al., 2016; Salz et al., 2016). Highly irradiated hot-Jupiter and Neptune-mass planets
are sensitive to hydrodynamic outflows and atmospheric mass escape (Bourrier et al., 2013; Bourrier
et al., 2018; Ehrenreich et al., 2015; Owen, 2019). Lyman-a measurements in the far-UV (FUV)
revealed extended hydrogen atmosphere around HD 209458 b (Vidal-Madjar et al., 2003), HD 189733 b
(Lecavelier des Etangs et al., 2010, 2012; Bourrier & Lecavelier des Etangs, 2013), GJ436b (Kulow
et al., 2014; Ehrenreich et al., 2015; Lavie et al., 2017; dos Santos et al., 2019), GJ 3470 b (Bourrier et al.,
2018) and HAT-P-11Db (Allart et al., 2018; Ben-Jaffel et al., 2022; dos Santos et al., 2022) producing a
much larger transit depth (10% to 50%) than the transit of the planet at optical and IR wavelengths
(0.1-1%). The atmospheric outflow carries heavier elements from the 0.1-1 bar atmospheric level up to
the thermosphere (Garcia Munoz, 2007). The velocities of metal species range between a few hundred
m/s to several km/s at the base of the exosphere and escape the planet’s gravitational pull. Those
heavy species are detectable in the near UV (NUV) absorption spectroscopy. During the transit, they
cover 2% to 10% of the stellar disk. Atomic oxygen, magnesium and iron, and also ionized carbon,
magnesium and iron have been detected on HD 209458 b (Vidal-Madjar et al., 2004; Linsky et al.,
2010), HD 189733 b (Redfield et al., 2008; Ben-Jaffel & Ballester, 2013; Wyttenbach et al., 2015) and
WASP-121b (Sing et al., 2019). Helium was detected in the atmosphere of WASP-107b using HST
G102 measurement in the near-infrared (Spake et al., 2018). Nikolov et al. (2022) recently observed
the complete pressure-broadened profile of the sodium absorption feature in the cloud-free atmosphere
of the hot-Saturn, WASP-96 b, with the Very-Large Telescope. They could measure a precise, absolute
sodium abundance for this planet.

STIS NUYV observations presented here aim to understand the connection between the formation
of heavy elements through haze dissociation (Parmentier et al., 2015, 2016) and the upper expanding
atmosphere (Bourrier & Lecavelier des Etangs, 2013; Bourrier et al., 2014b,a) and hot-Jupiters. Deep
clouds cannot be observed directly but can be detected through Rayleigh scattering (Lecavelier des
Etangs et al., 2008a,b; de Mooij et al., 2013; Dragomir et al., 2015). Moreover, observing heavy
elements at high altitudes can bring information on physical processes lower in the atmosphere. First,
we detail the method developed to correct systematic effects in HST /STIS E230M data and adjust the
raw light curves in Section 3.2. Then, we present WASP-121b and WASP-79b data analysis results
in Section 3.3. WASP-121b’s analysis is a confirmation of Sing et al. (2019)’s findings, while WASP-
79b’s data analysis is a new result. Consequently, Section 3.4 discusses WASP-79 b’s observations and
focuses on interpreting the NUV transmission spectrum of this planet.



3.2 Methodology

3.2.1 Observations

Observations of WASP-79b and WASP-121b used in the present analysis are part of the Panchromatic
Exoplanet Treasury (PanCET) program (HST GO Proposal #14767, PI D.K. Sing and M. Lopez-
Morales). We analysed two transit observations for each planet with the Hubble Space Telescope
Imaging Spectrograph (HST/STIS) instrument. The observations were conducted with the NUV-
Multi-Anode Microchannel Array (NUV-MAMA) detector using the E230M echelle grating with a
0.2"x0.2" aperture. E230M has a resolving power of about 30000 and covers the wavelength range
of 2280 to 3070 A. The spectra have an average dispersion of 0.049 A per pixel, about two pixels per
resolution element. Each Observation consists of five consecutive orbits covering the full transit before
and after. The two observations of WASP-79b were taken on January 12, 2018 and March 11, 2018
and February 23, 2017 and April 10 2017 for WASP-121b.

The data were acquired in time-tag mode. We extracted a sequence of 350-second long sub-
exposures from these using calstis version 3.4. From the shorter Observation of the first orbit of each
visit, we obtained 6 sub-exposures, and from the extended Observation of the second to the fifth orbit,
we obtained 8 sub-exposures per orbit. This yields a total of 38 sub-exposures per visit.

Table 3.1: System and transit parameters used in the analysis.

Parameters WASP-79b WASP-121b
Spectral Type F5 F6

R, [Ro] 1517003 1.458 +0.030

M, [Mg] 1.39 & 0.06 13531005
[Fe/H], 0.03 4 0.10 0.1340.09
Teffx [K] 6600 & 100 6459 + 140
log1o g« [cgs] 4.20 £ 0.15 4.24210:02

Rp [Ryup] 1.53 +£0.04 1.865 £ 0.044
Mp [Myyp] 0.85 4 0.08 118370083
Teq[K] 1716.2725% 235852

P [days] 3.662392 + 0.000004 12749255075 00000050
i [deg] 86.1 4 0.2 89.140.5

e |deg] 0.0 0.0

w [deg] 90.0 90.0

a/R, 7.407 4 0.109 3.8640.02
Rp/R. 0.10440 + 0.00048 0.12454)-000°F
Reference Brown et al. (2017) | Delrez et al. (2016); Evans et al. (2018)

3.2.2 Systematics correction

Spectrophotometric light curves taken with STIS aboard the Hubble Space Telescope (HST) are highly
affected by instrument-related systematics. For instance, the thermal "breathing" effect periodically
modifies the point-spread function (PSF). Systematic effects are correlated to instrumental parameters
or external factors that vary with time during the observations (Sing et al., 2019). Usually, only the
thermal "breathing" effect characterised by the correlation with the HST orbital phase is considered in
HST STIS E230M data analysis. However, corrections limited to only these systematic effects are not
enough for data with a high level of correlated noise, especially for the first HST orbit with different
systematic effects. Most of the time, this led to the removal of all the data of this first orbit from the
analysed data set.



We implemented a method to analyse and correct systematic effects in HST /STIS E230M data using
all the information available. Similar to Sing et al. (2019), we decided to include in the systematic
effects correction model the measured parameters (see Table 3.2) that describe HST’s Pointing Control
System performance during the observation run. Those parameters are created by the Engineering
Data Processing System (EDPS). For computational efficiency, we normalised each measurement by
subtracting the mean and dividing it by the standard deviation. We decided to keep the first HST
orbit, but we discarded the first exposure of each orbit that systematically presents a lower flux level.
We discarded the latitude and longitude because of the possible correlation to the HST’s phase. These
parameters were later re-included in the list to analyse 55-Cnc e data. However, this does not impact
the rest of the analysis as they were not selected as a dominant effect for WASP-79b and WASP-121b
visits.

Table 3.2: Details of the jitter engineering parameters used in the detrending method of HST STIS E230M data.
The parameters from v2_dom to si_v3_p2p are tabulated in arcsec. The parameters from ra to los_zenith
are tabulated in degrees. The magnetic field strengths tabulated in the three last rows are tabulated in Gauss.

Parameters | Meaning

v2_dom Dominant guide star V2 coordinate
v3_dom Dominant guide star V3 coordinate
v2_roll Roll FGS V2 coordinate

v3_roll Roll FGS V3 coordinate

si_v2_avg | Mean of jitter in V2 over 3 seconds
si_v2_rms | Mean of jitter in V2 over 3 seconds
si_v2_p2p | Peak-to-peak jitter in V2 over 3 seconds
si_v3_avg | Mean of jitter in V3 over 3 seconds
si_v3_rms | Mean of jitter in V3 over 3 seconds
si_v3_p2p | Peak-to-peak jitter in V3 over 3 seconds
ra Right Ascension of aperture reference
dec Declination of aperture reference

roll Position angle between north and +V3 axis
lat Latitude of the Telescope

long Longitude of the Telescope

limbang Angle between V1 axis and Earth limb
los_zenith | Angle between HST zenith and target
mag_vl Magnetic field along V1

mag_v2 Magnetic field along V2

mag_v3 Magnetic field along V3

Detrending parameters selection

The EDPS file contains 20 parameters (Table 3.2) to which we add the 96 minutes of HST’s orbital
phase (¢gsr). Each parameter describes the spacecraft’s configuration, which varies with time and
potentially impacts the photometric measurements. To determine whether it is necessary to take a
parameter into account in the detrending model, we perform a first fit of the white light curve by
testing each parameter independently. For that, we model the correlation of the residuals as a function
of the parameter value using a first-degree polynomial. The quality of the fit to the light curve is then
quantified using the corrected Akaike statistical criterion, AICc, which is calculated as a function of k



(the number of free variables), n (the total number of exposures), and x? the Chi-squared:

2k? + 2k
AIC=x*+2xk (3.2)

The effect of a parameter whose correction produces AICc improvement (compared to an initial un-
corrected adjustment) is integrated into the model. Note that we decided to use the corrected AIC
rather than the classical AIC or BIC criteria because of the small size of the statistical sample, which
here are only 33 points (38 sub-exposures minus 5 first sub-exposures of each HST orbit).

Polynomial degree selection

Once we identified the parameters to be considered to improve the fit to the light curve, we modelled
the correction factor as a function of the parameter value using a polynomial function. (Equations. 3.3
and 3.4), whose degree is chosen to obtain the best fit, that is, the fit to the light curve that produces
the lowest AICc value. We obtain a systematic effect correction model composed of the product of
polynomials. The parameter values for a given visit are x; for i ranging from 1 to 21. The number of pa-
rameters used in the model depends on the visit. For each jitter parameter, we increase the polynomial
degree n until the AICc value no longer decreases from its previous value. We also systematically test
the n+ 1 degree polynomial if n — 1 has improved AICc, but n does not. At this step, the correction of
the tested parameter is incorporated into the light curve fit, and the other parameters are tested again
(see section 3.2.2) by including the correction of the identified effects in the fit. The procedure for the
parameters and polynomial degree selection is carried out iteratively until the systematics correction
no longer improves the AICc criterion.

N
S(X) = Hsi(Xi) (3.3)
i=1

Si(xi) =14+ a3 X x5+ ag xx?—l—...—l—an X X' (3.4)

3.2.3 White light curve fitting

We integrated the flux over the entire wavelength range to obtain a white light curve, with 33 mea-
surements for each of the two transits for each planet. We normalised each light curve with respect
to the average flux over a visit, and we modelled the transit using the batman python package (Basic
Transit Model Calculation in Python; Kreidberg (2015)). We held fixed the inclination, semi-major
axis to star radius ratio and limb-darkening coefficients to the values in Table 3.3. We modelled the
flux measurement over time f(¢) as a combination of the theoretical transit model T'(¢, ), where 6 is
the set of the transit parameters, the total baseline flux from the host star Fy and the systematic error
correction model S(X), derived as described in Section 3.2.2:

F(t) = T(t,0) x Fo x S(X) (3.5)

We include a linear baseline time trend in S(X) to correct flux variations over time. The number of
free parameters depends on the corrections and S(X) terms. In the search for the best fit, the planet-
to-star radius ratio, the polynomial coefficients, and the baseline flux are left free. We used batman’s
convention and normalised the time with respect to the transit centre. We do not fit for the mid-
transit time in our analysis as that did not improve the fitting results. However, our code is flexible,
and this parameter can be easily added as a free parameter if necessary. The best-fit parameters are



determined using Levenberg-Marquardt’s least squares method (L-M) (Markwardt, 2009). The limb-
darkening effect is modelled using a non-linear law given by the equation (Claret, 2000):

I(p) =To x [1—ea(1 — p2) — ea(1 — p) — es(1 — p2) — ea(1 — i?)] (3.6)
where p=+/1 — 2, x is the normalised radial coordinate and Ij is the normalised star flux.

Transit parameters are initialised for the rest of the analysis with values found in Brown et al.
(2017) for WASP-79b. There are set to those of Delrez et al. (2016) and Evans et al. (2018) for
WASP-121 b, following Sing et al. (2019) initialisation and allowing further comparison (see Table 3.1).
The coefficients (c1,c2,c3,c4), detailed in Table 3.3, are computed using Sing (2010) with the effective
temperature, metallicity |[Fe/H| and surface gravity given in Table 3.1. The UV spectral region con-
tains strong stellar atomic lines that can behave anomalously at the limb, especially in temperature
inhomogeneities. However, the present HST NUYV light curves do not allow us to precisely sample the
ingress and egress portions of the transit, so it is not straightforward to constrain the limb darkening
coefficients to high accuracy. Besides, we tested other limb-darkening laws and found similar results to

those presented below. Sing (2010) non-linear four parameters law is a good approximation for fitting
HST NUYV light curves.

Table 3.3: Limb-darkening coefficients for STIS E230M data analysis of WASP-79b and WASP-121b.

Bands Limb darkening coefficient
Ao(A)  AXA) cl 2 c3 c4
2673 799 0.44589384 -0.22547123 1.14667951 -0.42635197
2387 236 0.41620878  -0.5781367  1.29633765 -0.1709417
2600 200 0.53356331 -0.67401008 1.80463859 -0.70370411
2800 200 0.46217923 -0.23965174 1.08129327 -0.3632111
2986 172 0.39608196  0.15363096 0.79375784 -0.42174585

3.2.4 Spectral light curve fitting

We created a correction model for the white light curve using jitter correlation parameters and then
applied this correction to all light curves obtained in various spectral wavelength ranges. The correction
model is constructed by dividing the best-fit analytic white light curve model by the jitter parameters
polynomial. We first divided the spectrum into several broadband spectral ranges (NZOOA) adopting
the same selection as Sing et al. (2019). We also calculated higher-resolution transmission spectra in
4 A bins. The transit (~ 1%) can still be resolved at this resolution except in spectral regions with
strong stellar absorption and at the edge of spectral orders. We removed points where the transit was
not detected. The planet-to-star radius ratio is a free parameter in the model, and its value is adjusted
to get the best-fit spectrum. To validate the value found by the L-M method and estimate the 1-o
error, we used the x? variation method by varying the planet-to-star radius ratio and estimating the
value of the x? as a function of the radius ratio. The minimum is found for the best-fit planet-to-star
radius ratio, and the 2-¢ error bars are taken at Ay? =4, i.e.:

RP/R*(Xl%nin —+ 4) — RP/R*(X?nin)
2

| (3.7)



3.3 Results

3.3.1 WASP-121 b data analysis: method validation

To validate our fitting method described above, we applied it to WASP-121b’s STIS data. WASP-
121D is a Hot-Jupiter orbiting an F6V star with a similar temperature as WASP-79, 6459 K (Delrez
et al., 2016). The planet has an inflated radius, i.e, 1.865 Ry and an equilibrium temperature reaching
2358 K (Delrez et al., 2016) (see Table 3.1). These observations are also part of the PanCET program
and were studied and published in Sing et al. (2019). Our analysis includes all HST NUV-observations
of WASP-121b, except for the first exposure of each orbit. We represent in Figure 3.1 the white
light curve fitting results on both observations of WASP-121b. The planetary transit is visible in
the raw data. The latter is not highly affected by systematics. The correction model only includes a
linear polynomial of the planetary phase for Observation 2, while the first Observation requires a more
complex correction with a total of 7 free parameters:

S(X) = (1 + a1dy) x (1 + agust + asdfgy) X (1 + asmag_v3) x (1 + a5 si_v2_avg) (3.8)

The correlations of the normalised raw flux with jitter parameters are plotted in Figure 3.2 for the first
Observation on WASP-121b. We find a Rp/R, of 0.135 £ 0.002 for both visits, which is consistent
within 1-o with the values found by Sing et al. (2019), i.e 0.1364 + 0.0110 and 0.1374 £ 0.0026 for the
first and second visit, respectively.

Table 3.4: WASP-121b radius measured in different broad bands.

Observations 1 | Observations 2 ‘ Observations 2 Sing et al. (2019)
Ao(A) AXA) | Rp/Ry error | Rp/R, error | Rp/R, error
White 2673 799 0.1353 0.0022 | 0.1347 0.0022 | 0.1374 0.0026
Bin1 2387 236 0.1482 0.0066 | 0.1457 0.0081 | 0.1530 0.0085
Bin 2 2600 200 0.1441 0.0037 | 0.1363 0.0040 | 0.1396 0.0045
Bin 3 2800 200 0.1363 0.0031 | 0.1396 0.0029 | 0.1376 0.0037
Bin4 2986 172 0.1262 0.0036 | 0.1268 0.0036 | 0.1273 0.0039

We fitted ~200 A bins with the same systematic model to fit the white light curve for the different
visits optimally. We observed an increase in the wavelength-dependent Rp(\)/R, at short wavelength
with Rp (23874118 A ) /R, = 0.1457 4 0.0081 for the first transit which is within 1-o of the Sing et al.
(2019) result: 0.1530 £ 0.0084. We present in Table 3.4 and in Figure 3.3 the broadband transmission
spectrum for both observations and for the second visit of Sing et al. (2019). We also obtained 4 A bins
NUV transmission spectrum of WASP-121b using the second transit, that confirms the Fel, Fell and
Mgl detection (see Figure 3.3. For instance, we find Rp/R(2348A) = 0.292 + 0.053, that is in the
Fell absorption domain, and Rp/R,(2796A) = 0.297 & 0.040 in the MgII h-line of the doublet around
2800 A. Therefore, we confirm that Fell and MgII are no longer gravitationally bound to the planet.

In conclusion, our WASP-121b analysis yields the same results as the ones found by Sing et al.
(2019); this validates our procedure for the systematics correction and the planet radius estimates, as
described above.
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Figure 3.1: WASP-121b white light curves for Observations 1 (left) and Observations 2 (right). Top: nor-
malised raw light curves. Middle: flux corrected from systematic errors and fitted with a transit model. Bottom:
residuals between the flux corrected spectra and the best-fit models and 2-¢ error bars (dotted line).
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Figure 3.3: WASP-121b planet-to-star radius ratio measured in the broadband transmission spectra of the
first visit (purple) and second visit (blue from this work, green from Sing et al. (2019)).
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Figure 3.4: WASP-121b NUV transmission spectra in 4 A bins for Observations 2.

3.3.2 WASP-79 b data analysis

WASP-79b was discovered by Smalley et al. (2012) with the WASP-South and TRAPPIST telescopes.
Using a main-sequence mass-radius constraint on the Monte-Carlo Markov Chain process, they found
a mass of 0.904+0.08Mj and a radius of 1.70£0.11Rj. The radius was found to be larger, 2.09+0.14R
while using a non-main-sequence constraint. Brown et al. (2017) refined the parameters and found a
planetary radius of 1.53+0.04Ry and a mass of 0.85+0.08Mj (Table 3.1). The large radius and the mass

3. suggesting an inflated atmosphere.

close to one Jupiter mass yield a low density of p ~0.31 gcm™
The planet orbits its F-type star in 3.7 days and has a high equilibrium temperature ~1700 K. Addison
et al. (2013) showed that the Rossiter-McLaughlin signal of the planet suggests a nearly polar orbit.
Sotzen et al. (2020) analyzed HST/WFC3 and Magellan/LDSS-3C data along with Spitzer data and
reported the 0.6 to 4.5 pm transmission spectrum of WASP-79b. They found evidence of vapour water
and presented a retrieval analysis favours the presence of FeH and H™ in the atmosphere. Another
independent study on HST/WFC3 G141 data confirmed the water detection and the possible presence
of iron hydride (Skaf et al., 2020). More recently, a full 0.3 to 5.0 pm spectrum was published by
Rathcke et al. (2021) with an analysis of HST PanCET data between 0.3 and 1.0 um. In this work,
the transmission spectrum blueward of 1.0 um decreases toward shorter wavelengths with no evidence
of hazes or Rayleigh scattering in the planet’s atmosphere. On the other hand, they confirmed the
water detection with more than 4-0 confidence and displayed a moderate detection of H™ with 3.3¢0
significance. Finally, they detected the effect of unocculted stellar faculze on the observed spectrum of
the planet’s atmosphere.

White light curves fitting

We apply our method to the STIS data obtained during the transit of WASP-79b. For each set of
transit observations, we used all 5 HST orbits but excluded the first exposure of each orbit. The two
visits show highly different trends: the first visit presents more than 10% variations in the normalised



raw flux. This visit is highly affected by systematic effects, whereas the second visit is of better quality
with lower systematics (Figure 3.5). Following the procedure described in Section 3.2.2, we use a
correction model to obtain the global fit. The data of Observation 1 requires a complex model with
15 free parameters in total:

S(X) = (1+a1¢¢) X (14+ag¢usT +33¢12{ST + .. —i—agqﬁSHST) X (1+a10 mag vl)x (1+aj; si_v2 rms)
X (1 4+ ajz los_zenith) x (14 aj3 roll) (3.9)

Correlations of the normalised raw flux with jitter parameters are plotted in Figure 3.6.

Values of the polynomial coefficients corresponding to the parameter involved in the correction
model are detailed in Table 3.5. The analysis of the white light curve of the first Observation yields
Rp /R, =0.128540.0021. Even in the corrected light curve, some exposure points are outliers beyond 2-
o, and the light curve obtained within the orbits 3 and 4 still presents systematic trends (see Figure 3.5).
We performed a broadband analysis using the formalism of Sing et al. (2019) and obtained the following
values: Rp/R,.(2400A) = 0.1362 £ 0.0063, Rp/R,(2600A) = 0.1254 + 0.0045, Rp/R, (28004 ) —
0.1305 4 0.0035 and Rp /R, (3000A ) = 0.1255 + 0.0035. This visit yields a deeper transit that is not
compatible with previous studies.

Therefore we consider that the results of the first transit are most likely affected by strong instru-
mental systematics or suffer from stellar activity. Considering the large amplitude of the systematics in
the raw measurements obtained during the Observation 1 (see top left panel of Figure 3.5), we decided
to focus our analysis on the transmission spectra obtained with the Observations 2 and to use the
results from the observations of the first visit only for confirmation or consistency checks. Nonetheless,
we note an increase in the transit depth at low wavelength with a relative difference between the radius
at 2400 A and at 3000 A of ARp /R, = 0.0107 £ 0.0072. This result is consistent and gives confidence
with what is found with the data of the second visit, as described in the following sections.

The raw light curve of Observation 2 shows less systematics and can be fitted with only 4 free
parameters :

S(X)=(14aipr) x (1+agsi_v3_ avg) (3.10)

The correlations of the normalised raw flux with jitter parameters are plotted in Figure 3.7. The value
of the polynomial coefficients, including the jitter parameter si_v3_avg (the mean jitter in V3 over 3
seconds) are in Table 3.5. Compared to Observations 1, the second visit presents a better transit phase
coverage and all residuals are below 2-0 (see Figure 3.5). The white light curve of the second visit
yields Rp /Ry = 0.1059+£0.0025. Table 3.6 shows the different planet to star radius ratio measurements
from previous published studies (Rathcke et al., 2021; Sotzen et al., 2020). Our new measurement is
consistent with all previous published values for WASP-79b, in particular with the Brown et al. (2017)
value of 0.10440 + 0.00048.
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Figure 3.5: WASP-79 b white light curves for Observations 1 (left) and Observations 2 (right). Top: normalised
raw light curves. Middle: flux corrected from systematic errors and fitted with a transit model. Bottom: resid-
uals between the flux corrected spectra and the best-fit models and 2-o error bars (dotted line). Observations
1’s raw data display a larger ramp effect than Observation 2. This ramp is mainly correlated to the HST orbital
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Table 3.5: List of the jitter engineering parameters and values of polynomial coefficients included in the white-
light curves correction model for the two visits on WASP-79b. All polynomials are of degree 1 in this case.
The correction model of Observation 1 of the PanCET program also includes a polynomial of degree 8 of the
HST orbital phase correlated to the large ramp effect (see Figure 3.5). The coefficients are the following in
increasing degree order: -0.5844569, -1.05257, 17.27887, -20.33507, -37.87583, 251.4479, 7.275825, -1671.329.
We also corrected the linear effect correlated to the planetary phase. The coefficients are 0.12850 and 0.006832
for Observations 1 and 2, respectively.

Parameters

Observations 1

Observations 2

v2_dom
v3_dom
v2_roll
v3_roll
si_v2_avg
si_v2_rms
si_v2_p2p
si_v3_avg
si_v3_rms
si_v3_p2p
ra

dec

roll
limbang
los_zenith
mag_vl
mag_v2
mag_v3

-267.9753
0.0015797
-0.3187546

Table 3.6: Extracted planet to star radius ratio comparison with values found in the literature.

Instrument Bandpass Rp /R

STIS E230M this work 0.22-0.32 uym  0.10590£0.0025
STIS G430L Rathcke et al. (2021) 0.29-0.57 um  0.1051940.00025
STIS G750L Rathcke et al. (2021) 0.53-0.57 pm  0.10482+0.00040
STIS G750L Rathcke et al. (2021) 0.59-1.02um  0.10662+0.00024
TESS Sotzen et al. (2020) 0.59-1.02pm  0.10675+0.00014
LDSS-3C Sotzen et al. (2020) 0.60-1.0 um 0.10782+0.00070
WEFC3 G141 Sotzen et al. (2020)  1.10-1.70 um  0.1062140.00015
Spitzer Sotzen et al. (2020) 3.18-3.94 um  0.10594+0.00038
Spitzer Sotzen et al. (2020) 3.94-5.06 um  0.10675£0.00048




Broadband analysis

We used the same broadband bin width of ~200 A as used by Sing et al. (2019) in their broadband
analysis of WASP-121b’s STIS data. We fitted the broadband data of WASP-79b using the same sys-
tematic detrending model to correct the white light curve optimally. Broadband results are presented
in Table 3.7 and Figure 3.8. We indicate values for Observation 1 for information even though the
rest of the analysis is done with results from Observation 2. We observe an increase in the planet-
to-star radius ratio toward shorter wavelengths. In the white light curve and in the broad bands
around 2600 A, 2800 A and 2900 A, the planet-to-star radius ratio is found compatible within 1-o with
Rathcke et al. (2021) findings at 0.3 um. However, at shorter wavelength around 2400 A, the ratio
Rp /R, (2400 A )=0.1207-£0.0067 is found to be significantly higher. For this reason, we computed the
planet-to-star radius ratio for the band 2500-3000A, where no variation in wavelength is detected. We
found Rp/R,=0.1031+0.0027.

The relative difference between the planet-to-star radius ratio at 2400 A and 3000 A is ARp /R, =
0.0191 + 0.0079. This result is consistent within 1-c with the value of 0.0107 £ 0.0072 found using
Observations 1 data in Section 3.3.2. This increase in the absorption depths at short wavelengths can
be explained by the absorption of heavy ionic or atomic species (Lothringer et al., 2020) or by the
presence of hazes in the upper part of the atmosphere. In short, we observe a significant increase in
the apparent radius of the planet at a shorter wavelength could be due to the presence of clouds or
hazes.

Figure 3.9 shows the overall HST transmission spectrum of WASP-79b, including our NUV mea-
surements obtained with the data of the second visit, Sotzen et al. (2020) measurements in the NIR
(HST/WFC3) and Rathcke et al. (2021) measurements in the NUV and visible wavelength range
(HST/STIS G430L and HST/G750L). We represent the value around 2400 A in a 200 A band and
the large band value after 2500 A to show the steep increase in the planet-to-star radius ratio at short
wavelength. Combining different transmission spectroscopy datasets is even more difficult when there
is no spectral overlap. The orbital parameters and limb-darkening coefficients can be different from
one study to another, the treatment of systematic effects and stellar activity can vary as well, leading
to variations in planet to star radius ratio and transit depth measurements (Tsiaras et al., 2018; Yip
et al., 2020; Changeat et al., 2020a; Pluriel et al., 2020a; Edwards et al., 2021). Even while using
the same system parameters, prescriptions for limb darkening and a lack of stellar activity, Nikolov
et al. (2013) already highlighted differences in absolute radius level for HAT-P-1b, when combining
STIS with WFC3. We decided to keep the values only from the HST instruments even though Sotzen
et al. (2020) and Rathcke et al. (2021) showed the compatibility of LDSS-3C transmission values on
WASP-79b in the optical and NIR. Our measurement in the NUV obtained using the white light curve
of the second visit is compatible within 1-o with all other transmission spectra. Nonetheless, it shows
a trend of increasing absorption towards shorter wavelengths.

Table 3.7: WASP-79b radius measured in different broad bands.

Observations 1 Observations 2

Ao(A) AXA) | Rp/R, error | Rp/R,  error

White 2673 799 0.1285 0.0021 | 0.1059 0.0025
Binl 2786 572 0.1266  0.0028 | 0.1031 0.0027
Bin 2 2387 236 0.1362 0.0063 | 0.1207 0.0067
Bin 3 2600 200 0.1254 0.0045 | 0.1072 0.0051
Bin4 2800 200 0.1305 0.0035 | 0.1028 0.0043

Bin 5 2986 172 0.1256  0.0035 | 0.1016 0.0042
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Narrow band analysis

To investigate the possibility of the presence of heavy species in the upper atmosphere producing a
dense forest of narrow absorption lines, we calculated the transmission spectrum in narrow bands of
4A width (Figure 3.10). We search for an increase in the apparent radius of the planet at specific
wavelengths that could be due to the presence of heavy metal species at very high altitudes or escaping
the atmosphere. The wavelengths of the highest absorption in the transmission spectrum can be
seen in Figure 3.10, some exceeding 0.18 in planet-to-star radius ratio. None of them corresponds
to known metallic species absorbing in this part of the spectrum. We note that the value at 2384 A
could correspond to a Fe II line, usually found at 2382 A . However, there is no detection of excess
absorption of Fe II in other lines with similar oscillator strength. We note that the data reduction
process described in Section 3.2.4 does not converge in the vicinity of two strong Fel lines (2484 and
27191&). This is likely due to the very low flux level in the middle of the line because of the stellar
atmosphere absorption.

All things considered, the spectrum does not provide clear evidence of Fe I or Fe II absorption that
could have explained the observed increase in the apparent radius at short wavelengths. Nonetheless,
the absorption spectrum in narrow bands confirms the global increase in the apparent radius of the
planet at short wavelengths. The planet-to-star radius ratio weighted average is 0.1233 4+ 0.0052 below
2500 A and 0.1022 + 0.0021 beyond. This simple computation compares nicely to the broadband
analysis and the value found around 2400 A, Rp/R,(2400A) = 0.120740.0067, and after 2500 A,
Rp/R,(>2500A) = 0.1031£0.0027. We also computed each bin’s transmission spectrum shifted by
2 AThis analysis confirmed the shape of the spectrum.
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Figure 3.10: WASP-79b NUV transmission spectra in 4 A bins for Observations 2. We indicate the overall
NUV transmission spectrum (white light curve) Rp/R,.(NUV) = 0.1059 in red, along with the planet-to-star
radius ratio after 2500( A ) in green Rp /R, (>2500A) = 0.1031.



3.4 Discussion

3.4.1 Scale height of the atmospheric absorption

At shortest wavelengths (~2400 A ), the radius of the planet measured in the broadband and the narrow
band is significantly higher than at longer wavelengths (> 2600 A ). Although this increase in planetary
radius is consistently observed in the two visits, we consider only the quantitative estimates obtained
with the second visit (Observations 2), which provided better quality data with fewer systematic
errors. In the broadband at 2400 A we obtain Rp/R,.=0.1207+0.0067, that is about 16% bigger than
the planet size as seen in the optical. From 3000 A to 2400 A, the increase in planet size is measured to
be ARp /R, = 0.0191 £ 0.0079. In the broadband at 2400 A we obtain Rp/R,=0.1207+0.0067, which
is about 16% bigger than the planet size as seen in the optical. From 3000 A to 2400 A, the increase
in planet size is measured to be ARp/R, = 0.0191 £ 0.0042.

We performed a joint fit of the two light curves to accurately compute the difference between the
planetary radius and the uncertainty. We concatenate the two light curves into one matrix and adjust
each light curve with the same correction model as for the broadband analysis. However, instead of
fitting for the two planet-to-star radius ratios in the two separate bins, we fit for the planet-to-star
radius ratio of the first bin and the ARp/Ry4. The other parameters are held fixed. We then computed
the uncertainty by using the variation of the y? described above. This method is justified to find
the increase in planetary size and absorption as we are looking for a relative measurement, not two
independent, absolute planetary radii. Our finding corresponds to an increase in radius short ward of
2400 Ato a 4.5-0 effect which rules out a statistical fluctuation. The increase in the apparent planet size
at specific wavelengths is commonly interpreted as due to extra absorption in the atmosphere. Here
the increase of 16% in the planet’s size is so large that the variation of the planet’s gravity reaches
30% between the bottom atmosphere and the altitude at which the atmosphere is optically thick at
24004, so the usual derivation of the atmospheric scale height has to be adapted.

With a constant gravity, the hydrostatic equilibrium equation is dP/P = —(ug/kT)dr, where P
are the pressure, i the mean molar mass of the atmosphere, g the gravity, T' the temperature and r
is the distance to the planet centre. This allows defining the atmospheric scale height H = kT'/ug.
The pressure P as a function of the altitude z is then P(z) = Pyexp(—z/H), where Py is the pressure
at zero altitude. However, with an atmospheric thickness that is not negligible compared to the
planet’s radius, we need to consider the planet’s gravity’s decrease with altitude. The new hydrostatic
equilibrium equation is dP/P = —(uGM,/kTr?)dr, where M, is the mass of the planet and G the
gravitational constant. The pressure vertical profile becomes P(z) = Pyexp(—zR,/H(R, + z)) or
P(z) = Pyexp(—z/H'), where the modified altitude dependent scale height is H'(z) = H-(R,+2)/R,.
Interestingly, the pressure limit in this model when z tends to infinity becomes non-zero. This result
could be discussed with regard to hydrodynamical escape formalism.

For WASP-79b, we have a temperature T = 1716 £ 25 K and a planet gravity g = G]WP/RIQ7 =
10.6 + 1.6 ms~2 (Brown et al., 2017). Assuming an hydrogen-helium atmosphere with w = 2.3, this
yields a scale height of H = 580 + 100 km, and a ratio H/R, = 5.5 x 107* 4 1.0 x 10~%. Finally with
an atmospheric absorption thickness of ARp/R, = 0.0191 4+ 0.0079, we find a ratio ARp/H ~ 34.
Considering the gravity variation with altitude, this ratio is decreased to ARp/H' ~ 29. This value
remains very large, and the absorption at high altitude, as observed at 2400 A takes place at a pressure
that is €729 = 2x 10713 lower than at the altitude where the atmosphere is optically thick at ~ 3000 A.

We identified two other processes that could increase the scale height and thereby require less
strong absorption than computed above. First, the scale height value uses a calculated equilibrium
temperature, not a measured temperature. Spitzer secondary eclipses of this planet give a day side
temperature of about 1950+£85 K Garhart et al. (2020). The planet is irradiated sufficiently strongly



that it may not redistribute heat efficiently, and the limb temperatures may not be much less than
the Spitzer day side temperatures. However, we re-computed the scale height using the day-side
temperature, and we find H = 660 4+ 130 km, which translates to a ratio of ARp/H ~ 30. We find
a ratio of ~ 25 while considering the gravity variation with altitude, which remains very large. The
impact of the temperature is marginal. Besides, the mean molecular weight could be lower than 2.3
amu due to hydrogen dissociation. Even if we consider that the hydrogen molecules may be partially
dissociated, leading to a smaller mean molar mass (p~1), we find ARp/H' ~ 13, and ~ 11 with a
temperature of 1950 K and the conclusion remains the same. Although identifying the main absorber
at ~2400 A remains puzzling, it must have an extremely large cross-section to be optically thick at
such a low density. Clouds and hazes appear to be the most plausible carrier of the detected absorption
at the shortest wavelengths, even though the pressure is really low.

3.4.2 Comparison with the Roche Lobe equivalent radius
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Figure 3.11: ratio of the Roche lobe size to the orbital semi-major axis as a function of the planet-to-star
mass ratio. The size of the Roche lobe can be calculated using the distance of the planet centre to the L1 point
(dashed line), to the L1’ point (dotted line) or by calculating the projected size of the Roche lobe occulting the
stellar disk during a transit observation. This last size is about 2/3 of the size calculated by considering the L1
or L1’ points. The measurements for WASP-79 b in the NUV white light curve and at 2400A are plotted in red
and blue, respectively.

The high thickness of the atmosphere detected at 2400 A raises the question of possible geometrical
escape as defined by Lecavelier des Etangs et al. (2004), which occurs when the Roche lobe is filled
up with the upper atmospheric gas. Thus, the high altitude of absorbers detected at the shortest
wavelengths needs to be compared to the size of the Roche lobe. For that purpose, we calculated
the distance of the L1 and L1’ Lagrange points of the equipotential surface to the planet centre as
a function of the planet-to-star mass ratio (Figure 3.11). We also calculated the equivalent radius of
the occulted area during a Roche lobe transit. Because of the elongated shape of the Roche lobe, this
equivalent radius is about 2/3 of the distance between L1 and the planet center (Vidal-Madjar et al.,
2008; Sing et al., 2019).

For WASP-79b, we found that with a planet-to-star mass ratio of 5.8 x 10~ and a semi-major



axis to star radius ratio of a/R, = 7.407, the transit of the Roche lobe corresponds to an occultation
by a disk with a radius of 0.276 times the radius of the star. The measured radius at 2400 A is only
44% this size. Even the highest values in the narrow band spectrum correspond to about 76% the size
of the Roche lobe. Therefore, none of the absorption depths measured in the spectrum of WASP-79b
reaches the absorption that an optically thick Roche Lobe would cause. We are left to consider that
the detected absorptions are due to components at high altitudes of the upper atmosphere.

None of the absorption features exceeds the theoretical Roche Lobe radius. There is no evidence
of atmospheric hydro-dynamical escape in our NUV transmission spectrum.

3.4.3 Impact of Faculee on the transmission spectrum

In their analysis of the transit spectrum of WASP-79b, Rathcke et al. (2021) have shown that the
spectrum from 0.3 to 1.0 um is significantly affected by the presence of faculee on the stellar surface.
They found that about 15% of the stellar photosphere is covered by faculze that is ~ 500 K hotter than
the mean temperature of the star. Because of their different black body temperatures, faculee and
spots modify the planet-to-star radius ratio measured through transit observations, even if the planet
does not pass in front of these features (Pont et al., 2013; McCullough et al., 2014).

In the presence of unocculted stellar spots or faculee the measured radius ratio (Rp /Ry )mes is given

by
(), (o). )\ (=)

where (Rp/Ry)real is the real physical radius ratio, f is the fraction of the stellar area covered by the
spots or faculee, and Fypot(A) and Fi () are the specific intensities of the spots (or faculee) and the star,
respectively. Assuming a black body at 6600 K, we have F (2300 A )= 1.4-10" Wm™2str~' um~!, and
Fy (3000A)=3.4-10"Wm~2str~! um~'. With a 500 K higher temperature of 7100K for the faculae
we have Fipot (2300 A )= 2.76-10" Wm 2 str—! um !, and Fipo(3000 A )= 5.72-10" Wm 2 str— pm 1.

Finally, with f = 0.15, we obtain that the measured radius ratio is larger than the actual ratio
by a factor of 1.07 at 2300A and 1.05 at 3000A. Therefore, the increase in the planet-to-star ratio
toward shorter wavelengths between 3000 A and 2300 A due to the faculee is only about 2%. Even
if we consider the extreme case of the error bars given by Rathcke et al. (2021), that is 25% of the
stellar surface covered by faculee with AT=900 K, we found an increase of only 6%. To reproduce the

observed ~20% increase in planet ratio, the faculee should have a brightness temperature of at least
9000 K over 15% of the stellar disk. So, even if a blackbody is a poor approximation of the faculee in
the UV, unrealistic brightness for those would be required to explain the observations. Although the
unocculted facule have some effect on the measured radius ratio, this effect is negligible. It does not
explain the observed amplitude of the increase in the radius ratio toward shorter wavelengths.

3.4.4 1D and 2D atmospheric simulations

The NUV transmission does not show evidence of photo-evaporation. Yet, it presents high atmospheric
features proving the presence of clouds, hazes or atomic species at very high altitudes in the atmosphere
of WASP-79b while optical observations (Sotzen et al., 2020; Skaf et al., 2020) using HST/WFC3 G141
suggest the presence of HoO and FeH in deeper layers. We decided to compare the observations to
the predicted atmospheric composition and temperature profile by modelling the interior of the planet
using Exo-REM (Exoplanet Radiative-convective Equilibrium Model) (Baudino et al., 2015; Charnay
et al., 2018; Blain et al., 2021). Exo-REM is a self-consistent software for brown dwarfs and giant
exoplanet atmospheric simulations. The model will be presented in more detail in Chapter 5.

The stellar and planetary parameters are set to those of Table 3.1. The light source spectrum



is modelled using PHOENIX (Allard et al., 2012) with an effective temperature of 6600 K, a surface
gravity of log g = 4 and solar metallicity. We calculate the structure of the atmosphere of WASP-79b
using 71 layers between 10~® and 10% bar. We included 13 absorbing species (CHy, CO, COs, FeH,
H,O, HyS, HCN, K, Na, NHj3, PH3, TiO, VO) using k-coefficient tables computed with a resolving
power of 500 and 3 collision induced absorption sources (Ho-Ho, Ho-He, HoO-H20). The chemistry
is allowed to be out of equilibrium for the different species. We used a 10 x solar metallicity and a
constant eddy diffusion coefficient of 10® cm?/s. We initialised the temperature/pressure profile to an
isothermal one using the equilibrium temperature of WASP-79b. Then we used the results of the first
25 iterations of the modelling to set the a priori temperature profile. We obtained a solution using a
retrieval tolerance for the flux convergence of 0.01.
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Figure 3.12: Temperature-pressure profiles (solid line) of WASP-79b atmosphere (top) assuming radiative
transfer equilibrium and condensation curves (dotted lines). The atmospheric structure is computed for dif-
ferent interior temperatures from 350K (light red) to 800K (red). Gas species abundances in WASP-79b
atmosphere (bottom) obtained with Exo-REM, assuming a 10 x solar metallicity, non-equilibrium chemistry, an
Eddy diffusion coefficient of 10% cm?/s and an interior temperature of 600 K.

Figure 3.12 shows the calculated abundances in volume mixing ratios of gas species and the tem-
perature pressure profiles of WASP-79b atmosphere using Exo-REM between 10~8 and 10% bar for
various interior temperatures ranging from 350 to 800 K. The gas abundances are represented for the
T-P profile obtained with an interior temperature of 600 K and all the simulations are made using a
clear atmosphere and metallicity of 10 x the solar value. At high altitudes, the main gas species are
H,0, CO, H,S in the atmosphere of WASP-79b. FeH abundance remains below 1075 even at pressure
probed by HST/WFC3 (~ 10~! and 1073 bar). The temperature profile crosses the condensing lines of
Cr, MnS, MgSiOs3, MgsSiO4 between 10~° and 102 bar. Deeper in the atmosphere, below 1072 bar,
different species like TiO and VO are becoming more abundant with volume mixing ratios reaching
1076 and 1077, respectively. We note that a very hot thermosphere could also explain large transit
depths at short wavelengths (Yelle, 2004), and we will consider it as future modelling improvements.

According to the Gao et al. (2020) study on hot-Jupiter cloudiness as a function of temperature,
the WASP-79b spectrum should be dominated by clouds, in particular by MgsSiO4 around 1700 K.
After simulating a clear atmosphere with no clouds, we include different clouds in separate simulations
with a fixed sedimentation parameter set to 2. The metallicity is set to 10 x the solar value, and the
interior temperature is fixed to 600 K. Figure 3.13 (top) compares the HST transmission observations
with forward models that include different condensing species. We indicate the Chi-squared (y?) results
for each model. We use our NUV measurements from the broadband analysis on Observations 2 and
include the large band value after 2500 A , similar to Figure 3.9. The value around 2400 A does not



appear in Figure 3.13 for clarity, but is taken into account for Chi-squared computations. y? results
indicate that forward models tested here fit the HST transmission spectrum of WASP-79b poorly.
However, it seems to be best explained by a clear atmosphere. None of the clouds presented here
can explain the high planet-to-star radius ratio above 0.12 found in both the broad and narrow bands
analysis. Figure 3.13 (bottom) shows the simulated spectra using 1, 10, and 100 x solar metallicity
as a comparison. The resolution of the spectra in the NUV does not allow us to distinguish between
the three different metallicities. The observations in the NIR are best explained by the 10 x solar
metallicity scenario, especially for the absorption feature of water at 1.4 um. However, we note that
the slope observed after 1.5 um is not well fitted, and the atmosphere of WASP-79b might have a
slightly higher metallicity. WASP-79b spectrum is consistent with a clear atmosphere, yet the planet
could also present a cold cloudy limb and a clear limb on the other side that would differently shape
the spectrum. We explore this 2D effect using the temperature grid presented in Moses et al. (2021)
based on the 2D-ATMO circulation model described in Tremblin et al. (2017). Figure 3.14 shows the
temperature-pressure profiles for four different longitudes, where the 0° longitude corresponds to the
sub-stellar point, using an effective temperature of 1700 K and a metallicity 10 x the solar value. The
condensation curves are from Exo-REM simulations of WASP-79b’s atmosphere using the temperature-
pressure profiles from the grid of Moses et al. (2021). KCl, ZnS and NasS could condense on the night
270° limb (purple line). As seen before, WASP-79b spectrum suggests a clear atmosphere. We would
then have a clear limb on the day side at 90° and a cloudy limb on the other side.

We used the two temperature-pressure profiles at longitudes of 90° and 270° as inputs for WASP-
79 b simulations. We include clouds, i.e., KCl, NasS, and ZnS, for the cloudy limb simulation, and we
remove them for the clear limb one. Figure 3.15 shows the modelled spectra for the clear and cloudy
cases and the combined spectrum (blue) corresponding to a weighted mean of the two limbs’ spectra.
The combined spectrum does not improve the fit of WASP-79b, and in particular, it does not fit water
features around 1.4 pm. However, we must recall that the 2D grid was built for sub-Neptune planets
and not for hot-Jupiters. Besides, H™ was not included in Exo-REM and therefore it is not present as
an opacity source in those simulations, although H~ was detected in Sotzen et al. (2020) and Rathcke
et al. (2021) analysis of the HST data. These species could also be affected by 3D effects, created on
one limb and eliminated on the other, causing the spectrum to be shaped differently.
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Figure 3.13: WASP-79b HST transmission spectrum observations (black) and simulated spectra using Exo-REM
(colors). WASP-79b atmosphere is simulated using a 10 x solar metallicity, an interior temperature of 600K,
and we include different clouds (top). We also test a clear atmosphere while changing the metallicity of the
atmosphere (bottom).
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3.4.5 hot-Jupiter near-UV absorption
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Figure 3.16: NUV to NIR transmission spectra normalised by the scale height for WASP-79b (T.q=1716 K)
and additional three hot-Jupiters: WASP-121b (Teq=2358K) (Evans et al., 2017, 2018), HAT-P-41b
(Teq=1941K) (Wakeford et al., 2020; Sheppard et al., 2021) and WASP-178b (Teq=2450K) (Lothringer et al.,
2022). WASP-121b and WASP-79b’s HST STIS E230M measurements are from this work. The formalism is
similar to Figure 2 in Lothringer et al. (2022).

In Figure 3.16, we present the planetary transit radius normalised by the scale height with respect
to the wavelength for four hot-Jupiters. We followed Lothringer et al. (2022) formalism and added our
measurements of WASP-121b and WASP-79b planetary radius using HST STIS E230M (see Figure
2 of Lothringer et al. (2022)). We used HAT-P-41b HST WFC3 UVIS observations from Wakeford
et al. (2020) and HST STIS G430L/G750L and HST WFC3 G141 from Sheppard et al. (2021). WASP-
121b’s HST STIS G430L/G750L and WFC3 G141 observations are from Evans et al. (2017, 2018),
while WASP-178 b WFC3 UVIS G280 measurements are from Lothringer et al. (2022). Surprisingly,
WASP-79b’s transit spectrum appears to show an absorption in the NUV similar to WASP-121b and
WASP-178 b, while their equilibrium temperatures are higher (~2350 K and ~2450 K for WASP-121b
and WASP-178b, respectively). Among those, WASP-121b’s has the largest increase in the NUV
absorption depth, with a depth increase larger than 30 times the atmospheric scale height. Conversely,
the transit spectrum of HAT-P-41b shows no increase in the absorption depth in the NUV despite its
intermediate temperature (~1950 K).

Lothringer et al. (2022) has interpreted the increase in the planet-to-star radius ratio at short
wavelengths by the absorption of SiO, a precursor of condensate clouds, using simulations based on
equilibrium chemistry. By comparing WASP-121 b, HAT-P-41b and WASP-178 b transmission spectra,
they put a first temperature constraint on silicate cloud formation. The condensation could begin
on exoplanets with effective temperatures between 1950 and 2450 K. At short wavelengths, WASP-
79b displays a similar feature to WASP-121b and WASP-78 b. Our large absorption measurement
in the atmosphere of WASP-79b, with an equilibrium temperature of 1716 K, challenges this direct
interpretation. We showed that none of the strong absorption lines in the narrow band analysis was
attributed to iron. Thus, the large absorption feature below 2400 A could be interpreted as SiO
absorption. Extended Figure 3 in Lothringer et al. (2022) shows the partial pressures of iron and
silicon-bearing species as a function of temperature. Silicates and iron condense between 1500 and



2000 K, between 1 mbar and 10 bar for atmosphere with metallicities between 1 and 10 x solar. The
lack of absorption in the atmosphere of HAT-P-41b was explained in Lothringer et al. (2022) by the
rainout of refractory species from the gas phase. We observed an absorption for WASP-79b as high as
for WASP-121 b and WASP-178b (see Figure 3.16), making it a strong spectral feature observed in an
exoplanet in terms of atmospheric scale heights at this temperature. How WASP-79b avoided rainout
whereas HAT-P-41b did not remain puzzling.

3.5 Conclusion

We developed a method to analyse hot-Jupiters Hubble STIS/NUV E230M observations consistently
and presented results for two hot-Jupiters. WASP-121b ’s data has already been analysed in Sing et al.
(2019), but the application of our method on the same dataset confirmed the detection of Mg II and Fe
IT in the upper layers of WASP-121b. We obtained a Near-UV transmission spectrum of WASP-79b’s
atmosphere using new HST/STIS E230M data. We found an increase in the transit depth at short
wavelengths (below 2600 A ). The difference between the radius ratios at 2400 A and 3000 A reaches
0.019140.0042 (~4.5—0). A narrow band transmission spectrum at a resolution of 4 A did not reveal
particular absorption lines but confirmed the global increase in the planet’s apparent radius at short
wavelengths. Contrary to the exoplanet WASP-121b, the highest values of the planet radius in the
narrow band transmission spectrum do not exceed the Roche Lobe’s equivalent radius but reach about
75% of its value. The absorption observed below 2500 A corresponds to about 44% of the Roche lobe
equivalent radius.

A rapid and straightforward evaluation of the possible impact of spot and faculee on the transmis-
sion spectrum is performed in the discussion section using a black-body spectrum. A more realistic
evaluation of the fraction of the stellar area covered by the spots or faculee could be assessed using
an atmospheric model. However, non-solar type stars spectra and facule are poorly known. Our first
approximation shows that the effect of stellar activity on the planet’s radius is negligible and does not
explain the amplitude of the observed features. Given the order of magnitude, a more advanced model
would not affect the overall result, and the conclusion would remain similar.

A 1D simulation of the deeper layers of the atmosphere was performed using Exo-REM with non-
equilibrium chemistry and a ten times solar metallicity. The temperature pressure profile crosses
condensation curves of radiative clouds like MnS, Fe, MgsSiOy4, or AlO3. Nevertheless, none of those
absorbing species (i.e. Fe, Mg) can explain the observed increase in the planet’s radius at short wave-
lengths. The overall HST transmission spectrum suggests a clear atmosphere for WASP-79b, but the
planet might be tidally locked, and 3D effects could play an important role. We explored the 3D /2D
effects using the temperature-pressure profiles grid from Moses et al. (2021) based on 2D-ATMO of Trem-
blin et al. (2017). Clouds made of KCI, NayS, and ZnS could be created on one side and evaporated
on the other.

The comparison of WASP-79b’s transmission spectrum with three other hot-Jupiters at short
wavelength shows a surprisingly similar absorption around 2400 A. While the HAT-P-41 b spectrum is
flat, WASP-79b, WASP-121b and WASP-178b display a large absorption features between 0.2 and
0.3 um. This has been interpreted as SiO absorption by Lothringer et al. (2022) in the atmosphere of
WASP-178 b. WASP-79b’s NUV excess absorption corresponds to more than 20 scale height, making
it one of the largest spectral features observed in an exoplanet at this temperature (1716 K). If this
feature is attributed to absorption by SiO, silicate cloud formation must be investigated to understand
the disparity in this sample of hot-Jupiters. Further observations of WASP-79b in UV could better



characterise this absorption. A combination of the present STIS E230M measurement with WFC3
UVIS observation could be of great interest, as suggested in Lothringer et al. (2022). Ground-based
high-resolution observations of WASP-79b ’s atmosphere could also detect species like Fe or atomic
Si and help us understand whether species are raining out. An increase in the number of exoplanets
observed in the UV will help investigate the cloud formation in hot-Jupiters.
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4.1 Introduction

This chapter takes the method described in Section 3.2 for processing hot-Jupiters HST STIS E230M
observations and applies it to a Super-Earth: 55-Cnce. The main difference is the signal level. The
planet-to-star radius ratio of WASP-79b is around 0.105 in the optical, which yields a transit depth
of 1.10%. The planet-to-star radius ratio appears 16% bigger in the NUV with Rp/R,=0.1207, cor-
responding to a transit depth of 1.46%. 55-Cnce has a planet-to-star radius ratio of 0.018240.0002
(Bourrier et al., 2018), corresponding to a transit depth in percentage of 0.033%. The result presented
in this chapter are preliminary and not published.

4.2 Planet description

55-Cnce is a Super-Earth, first discovered with a period of 2.808 days in 2004 by McArthur et al.
(2004) using radial velocity observations with the Hobby-Eberly Telescope. The period was refined to
0.73 days in Dawson & Fabrycky (2010) and it was later detected in transit by Winn et al. (2011);
Demory et al. (2012).

55-Cnce has been massively studied as it is a prime target for transit spectroscopy. It has a very
short period of 0.015 (AU), an elevated temperature of 1960 K (Demory et al., 2016) and orbits a
nearby (12 pc) and very bright (V = 6.0) G8 type star. This is one of the brightest stars known to host
planets. The planet’s proximity to the star makes it a fascinating and complex planet to analyse, as
intense planet-to-star interactions must occur. A large phase modulation has been detected by Winn



et al. (2011) and later shown to vary with time. The eclipse variability has been contested and might
be due to instrumental systematic noise. 55-Cnce has been shown to orbit within the Alfven surface
of the stellar wind (Folsom et al., 2020). Demory et al. (2016) showed that the 300 % difference in
occultation depth taken by Spitzer /IRAC between 2012 and 2013 could translate into a change in day-
side brightness temperature of around 1200 K. Different scenarios could cause such a large occultation
depth: volcanic activity on the surface, volatile loss through surface evaporation, or the presence of
an inhomogeneous circumstellar torus of dust (Demory et al., 2016; Tamburo et al., 2018; Sulis et al.,
2019). 55 Cancri e was already observed in several wavelength ranges: in IR (Demory et al., 2011,
2015; Demory et al., 2016), NIR (Tsiaras et al., 2016a) optical (Winn et al., 2011; Sulis et al., 2019),
far-UV (Bourrier et al., 2018) and X-ray (Ehrenreich et al., 2014).

4.3 Methodology

4.3.1 Observations

The four available transit observations are from two HST programs, ID 14094 and 14917, of PI Vincent
Bourrier and have not been published yet. The observations have been taken using the aperture of
0.2 x 0.2 centred at 2707 A .The first observation consists of four HST orbits, while the other three
have five HST orbits. The first orbit of each visit consists of 7 exposure points of 220 seconds. The
other orbits are made of 8 exposure points of 234 seconds. The second orbit of Observation 3 has been
deleted during the extraction. We have a total of 31 for Observations 1 and 3 and 39 for Observations
2 and 4.

Table 4.1: 55-Cnce transit observations details from programs ID 14094 and 14917 of PI Vincent Bourrier.

Observations 1 2 3 4

Observing date 2016/04/17 2016/04/24 2017/05/12 2017/06,/07

Number of orbits 4 5 4 5

Number of exposure per orbit | 7/8 7/8 7/8 7/8

Exposure time (s) 220/234 220/234 220/234 220/234

Total exposures 31 39 31 39

Deleted exposures exp.l orb.1, 2, | exp.1l orb.1, 2, | exp.1 orb.5 | exp.1 orb.1, 2,
4 3, 5 and exp.8 | and exp.2 | 3, 5 and exp.6

orb.3 orb.3,4 orb.4
Total exposures for fitting 28 34 28 34

4.3.2 Data analysis

We applied the method previously described to HST observations of 55-Cnce in the NUV using STIS
E230M measurements to correct the systematics and adjust the light curves. In the previous analysis,
the planet-to-star radius ratio is a free parameter and could take any value. For the analysis of 55-
Cnce, we applied an asymmetric lower constraint to the fitting process. The value is fitted between
[-50%, + inf] of the latest fitted planet-to-star radius ratio. During the correction process, if the fitted
planet-to-star radius ratio is out of the prior, the correction is not applied, and the value is set to
the latest found planet-to-star radius ratio. This prior was added to the fitting method for 55-Cnce’s
observations because we obtained unrealistic negative values during the fitting process.

Each transit observation is fitted separately, and we deleted specific data points by eye, to adjust
the white light curve. In Figure 4.1, we plot the raw light curve for each visit normalised to the mean
raw flux, and the deleted exposures are crossed out. The transit is represented in dotted lines and is



Table 4.2: Stellar and planetary parameters used in the white light curve fitting of 55-Cnce observations.
The mid-transit time is held fixed to the value of Endl et al. (2012) while the other parameters are taken from
Bourrier et al. (2018). Limb-darkening coefficients are computed with a non-linear law using Claret et al. (2013)
formalism.

Parameter Values
Spectral Type GS8

R, [Ro] 0.943 £+ 0.010
[Fe/H]. 0.35 +0.10
Teffx [K] 5172 4+ 18
logio g« [cgs| 4.43 +0.02

Ry /R« 0.018240.0002
a/R, 3.52 4+ 0.01

i (deg) 83.59704%

e 0

Pop (days) 0.7365474 15 000001
Tmia (BJDTpB) 2455 568.005+0.026
Limb-darkening coefficients | 0.421889067, 0.175900403, 0.03832787, -0.067419199

barely visible as the planet-to-star radius ratio is set to 0.0182+0002 (Bourrier et al., 2018), hence a
diminution of the total flux of around 0.03%, while the amplitude of the observed systematics reaches
6% of the total raw flux. For Observations 1, 2 and 4, we deleted the first exposure of out-of-transit
orbits. Observation 3 is less affected by systematics; we decided to suppress three individual data
located abnormally off the transit model (see Figure 4.1 bottom left). The last exposure of orbit 3
in Observation 2 and orbit 4 in Observation 4 is deleted. Once again, we can see that these specific
data points are off the transit model by more than 100%. Keeping these exposures in the model can
lead to over-fitting data during the engineering parameter and the corresponding polynomial degree
selection. When possible, we kept all the exposures of the transiting orbit to capture the egress or
ingress. We end up with 28 data points for Observations 1 and 3 and 34 or Observations 2 and 4.
55-Cnc e transit observations information and details on which exposure is deleted are summarised in
Table 4.1. The planetary parameters used to adjust the light curve are in Table 4.2. We also indicate
the limb-darkening coefficients, computed with the Claret et al. (2013) formalism using a non-linear
law. The values where obtained with the PyLightcurve! (Tsiaras et al., 2016a) python package that
uses ExoTETHyS (Morello et al., 2020)2.

We fit only for the planet-to-star radius ratio, the normalised stellar baseline flux and coefficients of
polynomials for the correction model. We include a linear correction of the planetary phase to correct
for HST’s thermal breathing for every observation except for Observation 3. The last orbit data points
are located between phase 0 and phase 0.05 at the ingress of the transit. As the transit might not
be totally captured, a phase correction could compromise the planet-to-star radius ratio fitting. The
mid-transit time is used to extract the data and compute the planetary phase; it is then set to zero and
not adjusted. We note that all available visits on 55-Cnce are strongly affected by systematics (more
than 100% of the transit value); hence the value found after correction must be carefully considered.
Table 4.3 lists jitter engineering parameters and the corresponding degree of polynomial included in
the white-light curves correction model for the four visits on 55-Cnce. Polynomials included in the
correction model for the four visits are presented in Appendix A.1, A.2, A.3 and A 4.

"https://github.com/ucl-exoplanets/pylightcurve
2https://github.com/ucl-exoplanets/ExoTETHyS
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Figure 4.1: Normalised raw flux of 55-Cnce four transit observations: Observations 1 (top left), Observations
2 (top right), Observations 3 (bottom left), Observations 4 (bottom right). The transit model is in a dotted
line, computed for a planet-to-star radius ratio of 0.0182+0002 and centred at phase zero. Deleted exposure
from the analysis are crossed out. Exposure data points are in red, green, yellow, blue and purple for Orbits 1,
2, 3, 4 and 5.



Table 4.3: List of the jitter engineering parameters and degree of polynomial included in the white-light curves
correction model for the four visits on 55-Cnce.

Parameters | Observations 1 | Observations 2 | Observations 3 | Observations 4
phase 1 1 - 1

phase HST - 2
v2_dom -
v3_dom 2
v2_roll -
v3_roll
si_v2_avg
si_v2_rms
si_v2_p2p
si_v3_avg
si_v3_rms
si_v3_p2p
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4.4 Results

However, we present in Table 4.4 planet-to-star radius ratio and the corresponding uncertainty found
from the best-fit of every visit. Even though the values are not consistent within 1o, there are all
significantly higher (four to five times) than the planet-to-star radius ratio found in the optical:
between 0.08397+0.00150 and 0.1010340.00119 for Observations 4 and 3 respectively, compared to
0.018240.0002. This result corresponds to a maximum transit depth of 1.02140.024% in the NUV
compared to 0.0334+0.0007% in the optical. In Figure 4.2 we present the four corrected visits and the
corresponding residuals. Observation 3 corresponds to the best fit in terms of x2. We have the start of
the ingress and a clear-fitted egress. However, there is no post-transit baseline flux which could have
dragged down the planet-to-star radius ratio. We computed the average planet-to-star radius ratio
using all four visits and obtained 0.09353+£0.00056. We used this value in Figure 4.3 to generate the
transit model, and we over-plot the raw and corrected white light curves from the four observations.
All visits are fitted independently, yet there is an overall good agreement when considering the high
systematic level in the raw flux. The transit seems reconstructed while adding all the observations.

Using the same formalism as in the publication, the increase in planet size between the optical and
the NUV is ARp/R,=0.075, which results in ARp/H & 150 with a scale height equal to 314km for
a 2.31g/mol mean molecular weight and a constant gravity. If we consider that the gravity decreases
with the altitude, we obtain a ARp/H ~30. However, the atmosphere of 55-Cnce is unlikely to be
hydrogen-dominated. Thus the weight of the atmosphere might be more elevated, resulting in a lower
scale height and a more important absorption.



Table 4.4: 55-Cnce white light curve planet-to-star radius ratio results

Observations 1

Observations 2 Observations 3

Observations 4

0.08582£0.00156

0.09626+0.00113  0.10103£0.00119

0.08397£0.00150
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Figure 4.2: Normalised corrected flux of 55-Cnce four transit observations. The transit model is in a dotted
line and computed independently with the best fit planet-to-radius ratio found for each visit. Residuals are
computed between the